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ABSTRACT 


The  principal  objective  of  this  study  was  to  determine 
whether  the  environment  was  important  in  regulation  of  molting 
and  reproduction  in  Orconectes  virilis ,  and  if  so,  how  its 
influence  was  expressed.  The  investigations  on  control  of 
molting  were  restricted  to  juvenile  animals  (yearlings),  and 
the  reproductive  studies  were  limited  to  the  ramifications  of 
the  female  cycle. 

The  results  from  nineteen  experiments  on  environmental 
regulation  of  the  female  sexual  cycle  suggest  that  successful 
maturation  of  the  ovary  (defined  as  maturation  that  will  ter¬ 
minate  in  egg  laying  when  spring  environmental  conditions  are 
presented)  requires  approximately  four  months  of  exposure  to 
winter  conditions  of  cold  and  darkness.  Neither  cold  nor  darkness 
alone  will  permit  successful  ovarian  maturation  in  the  majority 
of  a  population.  As  the  exposure  to  winter  conditions  extends 
beyond  the  critical  four  month  period  there  is  a  decrease  in 
the  latent  period  between  exposure  to  spring  conditions  and  the 
occurrence  of  egg  laying.  The  stimulus  for  egg  laying  is  not 
long  spring  photoperiods  as  previously  thought,  but  an  increase 
in  the  temperature  above  a  critical  threshold,  which  in  the 
population  studied  is  about  11  C.  Consideration  of  these  results 
along  with  the  findings  of  others  led  to  the  hypothesis  of  a 
bihormonal  control  of  the  female  sexual  cycle  with  the  Ovary 
Inhibiting  Hormone  from  the  X-organ  complex  being  opposed  by 
an  Ovarian  Stimulating  Hormone  from  the  thoracic  ganglia. 

The  results  from  fifteen  experiments  on  the  environmental 
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regulation  of  molting  led  to  the  suggestion  that  molting  is 
also  controlled  by  two  principal  hormones.  It  is  suggested  that 
the  titer  of  molt  inhibiting  hormone  (MIH)  is  a  reflection  of 
an  endogenous  cycle  that  is  highest  in  the  fall  and  lowest  in 
the  spring.  Light  acts  through  the  central  nervous  system  to 
stimulate  the  Y-organs  to  produce  molting  hormone  (MH)  and 
the  resulting  titer  of  MH  is  proportional  to  the  length  of  the 
photoperiod.  Evidence  suggests  that  under  conditions  of  constant 
darkness  the  Y-organs  are  inhibited  by  high  titers  of  MIH,  but 
that  the  stimulus  provided  by  long  photoperiod  can  overcome 
this  inhibition.  The  experimental  results  from  this  study  have 
provided  conclusive  evidence  that  the  response  of  a  crayfish  to 
a  given  photoperiod  is  not  a  constant,  but  varies  according  to 
the  time  of  collection  and  subsequent  handling  practices.  Very 
long  photoperiods  are  required  to  induce  a  molt  in  a  crayfish 
collected  in  September,  October,  and  November,  but  as  the  time 
of  exposure  to  winter  conditions  of  cold  and  darkness  is  exten¬ 
ded  the  photoperiod  required  to  induce  molt  is  decreased.  After 
several  months  of  winter  conditions  molting  will  occur  in 
photoperiods  as  short  as  three  hours.  Under  improper  experimental 
conditions  (high  population  densities,  abnormal  temperature  or 
photoperiod  situations,  etc.)  a  molt  attempt  will  often  end  in  stage 
E (molt )  mortality.  Observations  made  during  this  study  indicate 
that  the  process  of  exuviation  in  Orconectes  virilis  involves 


four  distinct  steps,  and  these  have  been  designated  Ej_  through 
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The  course  of  nature  as  it  is,  as  it  has  been, 
and  as  it  will  be,  is  the  object  of  scientific  inquiry; 
whatever  lies  beyond,  above,  or  below  this  is  outside 
science.  But  the  philosopher  need  not  despair  at  the 
limitation  of  his  field  of  labours  in  relation  to  the 
human  mind  Nature  is  boundless;  and,  though  nowhere 
inaccessible,  she  is  everywhere  unfathomable. 


T.  H.  Huxley 
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INTRODUCTION 


For  all  practical  purposes  the  study  of  crayfish  biology 
commenced  in  1870,  when  T.  H.  Huxley  published  The  Crayfish, 
a  masterful  piece  of  work  on  the  natural  history  and  morphology 
of  Astacus  fluvlatllls .  He  was  not  the  first  to  work  on 
crayfish  -  Rathke  and  Milne-Edwards  preceded  him  by  forty 
years  -  but  he  was  certainly  the  most  thorough.  His  efforts 
generated  a  great  deal  of  interest  in  the  group,  and  in 
subsequent  years  many  other  workers  contributed  to  the  expand¬ 
ing  knowledge  of  the  natural  history  of  many  different  crayfish 
species  o 

Nearly  half  a  century  elapsed  before  scientific  interest 
was  focused  on  the  endocrine  system.  In  1912  Megusar  observed 
that  eyestalk  removal  led  to  earlier  molt  in  Astacus ,  and  this 
was  confirmed  in  Orconectes  by  Brown  and  Cunningham  (1939) » 

These  findings  stimulated  intensive  research  on  many  represen¬ 
tatives  of  the  Crustacea,  Eventually  the  accumulating  data  from 
these  experiments  were  formulated  Into  hypotheses  that  explained 
how  the  endocrine  system  functions  as  a  mediator  between  the 
environment  and  the  processes  of  growth  and  reproduction  in 
these  animals.  Virtually  all  of  this  work  has  been  done  with 
standard  endocrinological  or  physiological  techniques.  Suspected 
hormonal  sources  have  been  excised  or  implanted,  and  various 
organs  have  been  examined  to  determine  the  state  of  the  system 
under  consideration.  A  few  workers  have  attempted  to  test  the 
effects  of  such  variables  as  light  and  temperature,  but  in  the 
majority  of  these  experiments  the  criterion  for  evaluation  was 
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the  degree  of  development  of  some  organ  or  structure  such  as 
a  gastrollth,  cement  gland ,  or  ovary.  It  does  not  necessarily 
follow  that  what  Is  true  of  an  organ  in  vitro  is  also  true  of 
that  organ  in  vivo,  nor  is  it  true  that  the  appearance  of  an 
organ  is  a  reliable  index  of  the  state  of  the  entire  system 
of  which  that  organ  is  but  one  part.  More  specifically,  one 
is  not  justified  in  assuming  that  an  engorged  ovary  is  proof 
that  ovipositlon  will  occur,  or  that  maximal  gas troll ths  mean 
that  a  successful  molt  Is  imminent.  If  the  animal  is  sacri¬ 
ficed  in  order  to  obtain  the  gastroliths  then  the  investigator 
must  assume,  but  he  must  also  be  aware  of  the  difference  between 
assumption  and  fact.  The  proof  of  the  molt  lies  in  the  molt 
itself,  not  in  the  appearance  of  any  of  several  stages 
leading  up  to  molt.  Experiments  in  this  study  will  show  that 
certain  environmental  conditions  can  cause  large  gastrolith 
development  without  Inducing  molt,  and  yet  gastrolith  size 
has  been  used  by  other  workers  as  proof  that  their  experimental 
conditions  have  produced  a  molt.  Such  techniques  as  organ 
excision  and  implantation  are  very  useful  for  obtaining  an 
insight  into  the  physiology  of  the  system  under  study,  and 
if  properly  executed  can  lead  to  well  founded  hypotheses. 
However,  in  the  final  analysis  these  hypotheses  must  be 
subjected  to  a  test  in  which  the  animal  Is  allowed  to  respond 
to  Its  environment  as  an  Intact  organism  and  the  environment 
must  remain  as  nearly  natural  as  possible  with  respect  to 
factors  not  actually  being  tested. 

The  purpose  of  this  study  is  to  amalgamate  some  of  the 
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work  done  by  earlier  authors  on  molting  and  reproduction  in 
the  Crustacea,  specifically  in  the  crayfish  Orconectes  virllls , 
by  attempting  to  obtain  comparable  results  through  manipulation 
of  the  environment.  For  example,  several  persons  have  initiated 
egg  laying  by  excision  of  the  sinus  glands  but  none  has  deter¬ 
mined  how  the  environment  produces  a  similar  result.  The  endo¬ 
crine  system  controls  the  organism,  but  the  environment, 
directly  or  indirectly,  controls  the  endocrine  system.  Through¬ 
out  this  study  an  attempt  has  been  made  to  determine  what 
factors  are  involved  and  how  their  influence  is  expressed. 

The  investigation  of  molting  was  restricted  to  juvenile 
animals  since  their  molts  occur  with  greater  frequency  and 
the  process  is  not  complicated  by  the  special  demands  of 
sexual  maturity.  Adult  males  normally  undergo  two  molts  each 
year,  both  of  which  are  closely  associated  with  the  change 
between  reproductive  and  non-reproductive  condition.  Egg- 
bearing  females  molt  only  once  each  year.  In  contrast  the 
juveniles  of  both  sexes  may  molt  four  or  more  times  in  a 
summer.  Juvenile  molts  much  more  closely  represent  a  "pure” 
molting  state,  and  it  is  for  this  reason  that  this  Investigation 
is  restricted  to  them. 

Limitations  of  time,  space,  and  equipment  also  made  it 
necessary  to  confine  experiments  on  environmental  control  of 
the  reproductive  cycle  to  one  of  the  two  sexes.  There  have 
been  several  thorough  studies  on  the  endocrinology  of  the 
female  cycle  of  several  crustaceans,  and  hypotheses  have  been 
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proposed  to  explain  the  observations.  Since  these  experiments 
provide  a  necessary  reference  point  for  environmental  studies, 
the  female  cycle  of  Orconectes  virilis  is  examined  here. 

In  any  study  of  this  type  one  criticism  is  bound  to 
arises  the  experimental  numbers  are  so  small  as  to  make  useful 
statistical  analysis  of  results  impossible.  In  many  cases 
this  is  a  valid  criticism.  However,  it  is  equally  true  that 
excessive  dependence  on  statistical  proof  can  be  as  great  a 
sin  as  complete  disregard  for  it.  The  very  reliability  of 
results  in  this  type  of  research  is  dependent  upon  the  environ¬ 
mental  situation  simulating  natural  conditions  as  closely  as 
possible.  Putting  200  crayfish  into  an  area  that  is  adequate 
for  only  20  will  give  results  that  can  be  tested  statistically, 
but  the  overcrowded  conditions  produce  stress  which  renders 
the  results  meaningless.  Since  duplication  of  natural  conditions 
predicates  either  small  numbers  of  experimental  animals  or 
extensive  facilities,  and  since  extensive  facilities  are  exceed¬ 
ingly  rate,  the  question  evolves  to  whether  it  is  better  to 
have  meaningful  results  from  small  experimental  groups ,  or 
no  results  at  all. 

Wherever  the  word  "molt’1  appears  in  this  thesis  it  refers 
to  the  actual  process  of  exuviation  (stage  E) ,  whereas  ''molt  cycle" 
refers  to  all  stages  leading  up  to  molt  (post  molt,  intermolt, 
premolt)  as  well  as  exuviation  Itself, 

The  crayfish  referred  to  as  Orconectes  virilis  in  this 
paper  was  described  in  1870  by  Hagen  as  Cambarus  virilis ,  but 
was  changed  to  the  genus  Orconectes  in  1942  by  Hobbs, 
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ENVIRONMENTAL  FACTORS 

Two  components  of  the  environment  -  light  and  temperature  - 
dominate  all  others  in  their  widespread  importance  in  controlling 
various  physiological  processes  of  living  organisms .  Since  most 
of  the  work  described  in  this  study  deals  with  the  effects  of 
either  light  or  temperature  a  basic  understanding  of  the  known 
effects  of  these  parameters  is  desirable*  For  this  reason  the 
following  sections  are  devoted  to  a  discussion  of  the  histor¬ 
ical  aspects  of  light  and  temperature  relationships  to  various 
organisms,  and  to  the  terminology,  conventions,  and  equipment 
used. 


In  a  biological  sense  the  term  "light"  is  commonly  thought 
of  as  being  synonymous  with  photoperiod.  Strictly  speaking, 
photoperiod  refers  to  the  light  period  in  a  specific  light- 
dark  cycle,  and  throughout  this  study  it  will  be  used  in  this 
context.  Light,  on  the  other  hand,  is  a  much  more  inclusive 
term.  There  are  many  aspects  of  light  but  intensity,  wavelength, 
and  photoperiod  are  among  the  most  important.  Each  of  these 
parameters  of  light  changes  daily,  monthly,  and  seasonally 
and  their  influence  on  a  living  organism  may  be  a  function  of 
their  quality  at  a  given  time,  or  the  fact  that  they  are 
changing.  In  addition  to  this  the  direction  of  change  may 
itself  be  important.  For  example,  the  wavelength  composition 
of  light  reaching  a  given  point  changes  progressively  from 
dawn  to  dusk  each  day  and  from  month  to  month  throughout  the 
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seasons  (Robertson,  1966).  An  organism  capable  of  detecting 
the  difference  between  wavelength  composition  of  light  at 
different  times  of  the  year  would  be  accurately  informed  of 
seasonal  progression.,  Photoperiod  is  in  itself  suggestive  of 
many  possibilities  other  than  simply  the  duration  of  the  light 
period  in  a  given  day.  While  it  is  possible  that  photoperiod 
exerts  its  influence  strictly  by  the  length  of  the  light  period 
at  any  given  time,  it  is  equally  possible  that  this  effect  is 
a  function  of  day  to  day  photoperiod  change  -  whether  the 
photoperiod  tomorrow  is  longer  or  shorter  than  it  is  today  - 
and  how  great  the  change  is.  Physiological  processes  that  can 
most  advantageously  occur  in  the  spring  can  then  be  triggered 
by  an  increasing  photoperiod,  while  those  which  would  occur 
in  the  fall  can  be  initiated  by  the  steadily  decreasing  photo¬ 
period  in  late  summer  and  early  autumn.  The  rate  of  change  may 
also  be  important  since  more  rapid  changes  occur  in  early 
spring  and  late  summer.  There  is  also  the  possibility  that 
certain  aspects  of  the  changing  season  may  be  altering  a 
circadian  cycle.  The  actual  duration  of  the  light-dark  cycle 
exceeds  24  hr  in  the  spring  and  falls  short  of  24  hr  in  the 
autumn.  If  the  morning  On-period  is  a  Zei tgeber  (that  is, "an 
environmental  factor  capable  of  synchronizing  a  circadian  periodicity: " 
Aschoff,  1 960) ,  the  circadian  cycle  will  exceed  24  hr  at  a 
decreasing  rate  until  late  June  and  will  thereafter  fall  short 
of  24  hr  at  an  increasing  rate  until  late  December.  This 
situation  is  graphically  represented  in  Figure  1.  This  relation¬ 
ship  between  the  actual  length  of  the  circadian  cycle  and  a 
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precise  24  hr  cycle  (or  between  the  length  of  the  cycle  on 
successive  days)  can  be  used  for  synchronization  of  biological 
processes  with  the  most  advantageous  seasons. 

The  means  whereby  the  effects  of  photoperiod  are  translated 
into  terms  that  can  be  understood  by  the  biological  clock  of 
the  animal  are  still  not  entirely  clear,  but  current  evidence 
indicates  that  photosensitive  pigments  are  involved  (Hoar,  1966)0 
The  receptor  organ  of  many  insects  appears  to  be  something  other 
than  the  eye  (Lees,  i960)  but  Lees'  comment  that  among  the 
arthropods  there  is  no  evidence  that  the  light  pathways  ever 
involve  the  visual  receptors  is  not  entirely  correct.  Bliss 
(1954a)  demonstrated  the  function  of  the  eyes  of  the  land  crab 
Gecarclnus  lateralis  in  transmitting  photoperiod  information, 
and  Roberts  ( 1 9 65 )  found  that  the  compound  eye  of  the  cockroach 
functioned  in  normal  entrainment  of  photoperiodically  regulated 
circadian  locomotor  rhythms. 

According  to  Farner  (I96I)  the  relative  lengths  of  day 
and  night  may  operate  in  three  different  ways  to  activate  the 
various  photosensitive  processes  of  different  animals?  (1) 
duration  of  the  light  period  is  important,  there  being  no 
dark  requirement  per  se;  (2)  duration  of  dark  and  light  periods 
are  of  equal  importance;  and  (3)  changing  length  of  the  photo¬ 
period  is  the  principal  requirement,  with  the  actual  length 
of  the  photoperiod  being  secondary.  Hoar  (1966)  sums  it  up  this 
way?  " , . , there  is  no  reason  why  one  of  the  seasonally  changing 
components  of  daily  light  duration  (the  light  period,  the  dark 
period,  or  their  changing  ratios)  ml^it  not  serve  as  a  reliable 
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cue  and,  as  more  examples  are  investigated,  it  appears  that 
the  evolutionary  process  has  selected  the  one  which  best  meets 
the  demands  of  the  animal* s  physiology,  behavior,  and  habitat. 

i 

A  measure  of  expediency  seems  to  be  common  in  the  workings  of 
organic  evolution." 

Standard  sunrise  to  sunset  photoperiod  charts  are  avail¬ 
able  from  most  government  weather  offices  and  are  widely  used 
as  a  guide  for  experimental  purposes.  The  person  who  wishes 
to  duplicate  the  environmental  photoperiod  refers  to  the  sunrise 
to  sunset  chart  for  the  period  in  question  and  sets  his  time 
clocks  for  the  indicated  number  of  hours.  Since  it  is  extremely 
difficult,  if  not  impossible,  to  ascertain  to  what  light 
intensity  an  organism  responds  the  practice  has  attained  wide 
acceptance.  Unf ortunately ,  where  photoperiod  is  concerned  the 
response  to  intensity  may  be  of  considerable  importance.  An  animal 
that  responds  to  an  intensity  of  light  equal  to  that  usually 
available  30  minutes  before  and  after  the  official  sunrise- 
sunset  times  is  obviously  reacting  to  a  photoperiod  one  hour 
longer  than  that  indicated  by  the  sunrise  to  sunset  table. 

This  same  table  gives  the  photoperiod  over  a  period  of  time  as 
a  uniformly  changing  value,  when  in  fact  this  value  is  extremely 
erratic  (Fig.  2).  Data  obtained  from  selenium  cell  tracings 
indicate  that  the  lower  the  intensity  to  which  the  animal 

i  i 

responds,  the  more  pronounced  the  variation  will  be.  As  can  be 
seen  in  Figure  2,  during  the  six  day  period  from  12  February 
to  18  February  1965  the  sunrise  to  sunset  photoperiod  plotted 

J 

from  values  obtained  from  a  sunrise-sunset  table  increased  by 
26  minutes,  while  the  actual  photoperiod  at  20  RU  intensity 
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decreased  by  38  minutes  (the  term  HU  is  an  arbitrary  measure 
of  light  intensity  which  will  be  explained  shortly) .  The 
table  values  show  the  daily  photoperiod  getting  longer,  and 
yet  for  six  days  an  animal  whose  photosensitive  mechanism 
responded  to  an  intensity  of  light  equal  to  20  RU  would  have 
perceived  a  decreasing  photoperiod* 

When  an  experimenter  says  that  a  certain  experimental 
photoperiod  is  16  hr,  what  he  is  really  saying  is  that  16  hr 
elapse  between  the  animal’s  first  response  to  light  in  the 
morning  and  its  last  response  in  the  evening*  In  the  natural 
environment  this  response  would  result  from  the  perception  of 
a  certain  wavelength  or  intensity*  In  the  laboratory  the  problem 
of  determining  exact  On-Off  receptivity  is  avoided  by  abruptly 
changing  from  total  darkness  to  full  light  intensity  with  the 
flick  of  a  switch*  The  guide  for  setting  the  On-Off  switches 
becomes  the  sunrise-sunset  table*  However,  when  one  attempts 
to  duplicate  environmental  photoperiod  in  the  laboratory  by 
this  procedure  he  is  saying,  in  effect,  that  the  animal's 
threshold  of  receptivity  is  exactly  that  intensity  present  at 
the  instant  the  sun  emerges  above,  or  disappears  below,  the 
horizon.  If  this  does  not  happen  to  be  the  case  then  the 
experimental  photoperiod  does  not  duplicate  the  environmental 
photoperiod*  If,  by  some  remarkable  stroke  of  good  fortune, 
the  intensity  at  the  instant  of  sunrise  and  sunset  corresponds 
exactly  to  the  receptivity  threshold  of  the  experimental  animal 
the  use  of  the  sunrise-sunset  table  is  still  misleading  for 
reasons  illustrated  in  Figure  3»  In  Figure  3A  the  plotted  points 
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represent  tracings  obtained  on  two  consecutive  days  in  March 
1965,  when  the  atmosphere  was  absolutely  clear.  According  to 
the  sunrise-sunset  table  for  Edmonton,  sunrise  comes  two  minutes 
earlier  on  4  March  than  on  3  March,  and  the  tracings  obtained 
show  that  the  light  intensity  at  sunrise  on  the  third  of  March 
(18  RU)  was  attained  two  minutes  earlier  on  the  fourth,  just 
as  would  be  expected.  However,  Figure  3B  shows  what  can  happen 
when  an  overcast  day  is  succeeded  by  a  clear  day.  In  this  case 
11  February  I965  was  heavily  overcast  and  the  intensity  at 
sunrise  was  only  6  RU.  The  following  day  was  perfectly  clear 
and  the  intensity  at  sunrise  was  26  RU.  This  would  be  the  assumed 
point  of  receptivity  of  the  experimental  animal;  that  is,  the 
intensity  at  which  the  physiological  process  being  tested  first 
became  activated.  If  this  did  happen  to  be  the  case  the  On-point 
for  the  animal  would  have  come  not  one  minute  earlier  than  the 
previous  day  as  predicted  by  the  sunrise-sunset  table,  but 
35  minutes  earlier,  because  on  the  previous  day  that  same  inten¬ 
sity  was  not  reached  until  35  minutes  later  in  the  day. 

For  the  many  reasons  listed  above  it  was  felt  that  it 
would  be  necessary  to  obtain  a  day  to  day  record  of  the  quan¬ 
titative  aspects  of  light  as  it  is  actually  received  at  the 
ground.  For  this  purpose  a  selenium  light-sensitive  cell 
( International  Recitfier  Company,  El  Segundo,  California,  USA; 
Model  DP-5)  was  set  up  on  the  roof  of  the  Agriculture  and  Bio¬ 
logical  Sciences  building  on  the  Edmonton  campus,  and  connected 
to  a  Rustrak  Model  88  recorder  (Fig.  5)«  The  sensitivity  of 
this  equipment  was  such  that  the  tracing  registered  first  light 
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25  to  40  minutes  before  the  official  sunrise,,  at  an  intensity 
perceived  by  the  human  eye  as  <  1  ft-c.  The  selenium  cell  used 
has  a  sensitivity  spectrum  ranging  from  roughly  3000  to  7000  A, 
with  a  maximum  sensitivity  at  5900  A.  Energy  falling  on  the 
sensitive  surface  of  the  cell  is  converted  to  electrical 
current  which  is  registered  by  the  recorder  as  fractions  of  one 
milliampere.  The  Rustrak  chart  paper  used  (Style  A,  one  inch 
per  hour)  subdivided  this  1.0  ma  into  50  units  (5  units  =  0.1  ma) 
and  wherever  light  intensity  is  given  in  this  paper  as  so  many 
RU,  it  is  these  Rustrak  Units  which  are  referred  to.  The  reason 
for  this  is  Evernden's  (1966)  conclusion  that  aside  from  pro¬ 
viding  a  rough  indication  of  the  levels  of  light  concerned  there 
is  little  justification  for  converting  the  Rustrak  Units  to 
foot-candles  or  lux0 

In  the  literature  various  methods  have  been  used  to  express 
the  relationship  between  the  light  and  dark  periods  in  an 
experimental  regimen.  To  show  a  ratio  of  16  hr  of  light  to  8  hr 
of  darkness  one  might  use  LD  I6s8  ( Hauenschild,  I960),  LD  16;8 
( Pittendrlgfr,  i960),  1 6  s  8  (Schwemmle,  i960),  16L-8D  (Sweeney, 
i960),  16L/8D  (Evernden,  1966),  or  16L-8D  (Lees,  i960).  Through¬ 
out  this  paper  the  light-dark  ratio  will  be  expressed  in  the 
form  16L-8D. 

The  voluminous  literature  dealing  with  plant  and  animal 
photoperiodism  has  been  reviewed  by  several  authors  (Withrow, 
1959s  Farner,  I96I;  Wilde,  1962)  and  need  not  be  dealt  with 


further  here. 


■ 


12 


Temperature 

Just  as  rhythms  can  have  a  phase  determined  by  the  light- 
dark  cycle,  they  can  similarly  be  entrained  to  temperature 
cycles  (Sweeney  and  Hastings,  i960).  However  temperature,  unlike 
light,  can  affect  both  the  duration  of  a  process  and  the  init- 
iation  of  the  process  itself  (Passano,  i960).  In  terms  of 
regulation  of  molting  and  reproduction,  temperature  must  be 
considered  more  influential  than  light.  Unless  the  temperature 
is  hospitable  the  effects  of  light  can  not  be  effectively 
expressed. 

For  the  purpose  of  obtaining  a  continuous  record  of  water 
temperature  in  the  Amisk  River  a  12  v  D.C.  Rustrak  Model  88 
recorder  was  coupled  with  a  remote  reading  thermister  (Elequipment 
Ltd.,  Brand  Street,  Burlington,  Ontario).  The  recorder  was 
housed  in  a  water-tight  box  on  shore  and  driven  by  a  12  v  lead- 
acid  battery.  The  temperature  probe  was  placed  on  the  bottom 
at  mid-stream.  Temperature  for  each  day  was  plotted  as  a  daily 
mean  by  summing  the  temperature  registered  on  the  chart  paper 
for  each  hour  throughout  the  day  and  dividing  by  24.  The  results, 
plotted  in  Figure  4,  show  that  on  26  May,  1965»  the  temperature 
of  the  water  in  the  Amisk  River  rose  abruptly  above  15  C  and 
remained  above  that  level  throughout  the  summer.  The  significance 
of  this  fact  will  be  fully  discussed  in  the  following  sections. 
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Figure  1.  Diagrammatic  representation  of  the  shift  in  the 
time  of  sunrise (with  respect  to  an  exact  24  hr 
light-dark  cycled  during  the  molting  season  in 
Alberta. 

The  triangles  above  the  line  represent  the  moment 
of  sunrise  in  a  situation  where  the  light-dark 
cycle  always  equals  exactly  24  hr.  The  triangles 
below  the  line  show  the  number  of  minutes  that 
the  actual  moment  of  sunrise  deviates  from  the 
perfect  24  hr  condition.  Each  increment  on  the 
horizontal  bars  equals  20  minutes. 
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Figure  2,  Comparison  of  data  obtained  from  a  selenium  photo¬ 
cell  with  that  contained  in  a  sunrise-sunset  table. 

The  heavy  diagonal  line  represents  increasing 
photoperiod  during  the  month  of  February  as  indi¬ 
cated  by  a  standard  sunrise- sunset  table.  The  broken 
lines  indicate  the  actual  photoperiod  at  three 
different  intensities  during  this  same  period  as 
obtained  from  a  selenium  photocell. 
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Figure  3»  Comparative  photointensity  curves  obtained  by  use 
of  a  selenium  photocell  and  Rustrak  recorder  on 
the  roof  of  the  Biological  Sciences  Building. 


3A.  Morning  photointensity  curves  for  two  con¬ 
secutive  days  (3  and  4  March,  1965)  with  no 
cloud  cover.  Sunrise  was  two  minutes  earlier 
on  4  March,  and  intensity  at  the  moment  of 
sunrise  is  comparable. 


3B.  Morning  photointensity  curves  for  two  con¬ 
secutive  days  (11  and  12  February,  1965)  with 
different  meteorological  conditions.  The  sky 
was  heavily  overcast  on  11  February,  but  clear 
on  12  February.  Although  sunrise  was  only  one 
minute  later  on  11  February,  the  intensity 
equivalent  to  that  at  sunrise  on  12  February 
was  not  reached  until  35  minutes  later. 
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Figure  4.  Mean  daily  water  temperature  for  the  months  of 
May  and  June  1965*  in  the  Amisk  River  at 
Briereville,  Alberta. 

Two  broken  horizontal  lines  mark  the  approximate 
thresholds  for  molting  ( 1 5  C)  and  egg  laying  (11  C). 
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Figure  5*  Equipment  used  to  obtain  a  daily  record  of  photo- 
period  and  relative  intensity  on  the  roof  of  the 
Biological  Sciences  Building,  Edmonton, 

A  Selenium  cell. 

B  Clock  motor  to  keep  the  selenium  cell  facing 
toward  the  sun  at  all  times. 
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Power  source  for  the  clock  motor,  and  connection 
between  the  selenium  cell  and  a  Rustrak  Model 
88  recorder. 
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FIELD  OBSERVATIONS  ON  MOLTING  AND  REPRODUCTION 

Some  knowledge  of  the  response  of  an  animal  to  its 
natural  environment  is  often  necessary  in  order  to  understand 
its  response  to  laboratory  situations.  For  this  reason  attempts 
were  made  throughout  this  study  to  ascertain  what  was  taking- 
place  at  various  times  in  the  Beaver  River  (where  the  exper¬ 
imental  animals  were  collected)  so  that  conditions  present 
at  the  time  could  be  noted  and  the  information  applied  to 
results  obtained  in  the  laboratory.  For  this  same  reason  I 
personally  collected  all  animals  used  in  the  various  experiments. 
It  was  then  possible  to  have  an  accurate  and  reliable  record 
of  the  history  of  each  crayfish,  something  which  is  impossible 
with  crayfish  obtained  through  commercial  sources. 

REPRODUCTION 

Reproductive  Appendages 

The  gonopods  (first  pleopods)  of  males  have  three 
distinct  forms  :  (1)  a  juvenile  form  present  before  sexual 
maturity?  (2)  a  non-breeding  adult  form,  termed  second  form 
(Form  II)  which  appears  each  spring  after  the  first  molt  of 
the  new  growing  season;  and  (3)  a  form  characteristic  of 
breeding  adults,  termed  first  form  or  Form  I  (see  Figure  1). 

After  yearling  males  become  mature  during  the  second  (occasionally 
third)  summer  of  life  the  sequence  of  molts  is  always  the  same. 
They  change  from  reproductive  to  non-reproduct ive  form  in  the 
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spring,  and  from  non-reproductive  to  reproductive  form  in 
the  summer. 

The  molting  pattern  of  males  and  females  is  identical 
until  maturity.  Attachment  of  the  eggs  or  larvae  to  the  pleopods 
prevents  the  females  from  molting  and  the  spring  molt  is  delayed 
until  the  young  are  self  supporting.  Because  of  this  mature 
females  in  Alberta  undergo  but  one  molt  a  year. 

Fertilization 

Copulation  occurs  any  time  after  the  summer  male  molt 
to  reproductive  form.  The  exact  mechanism  of  fertilization  is 
far  from  clear  for  this  species.  According  to  most  accounts 
the  sperm  pass  from  the  male  genital  openings  at  the  bases  of 
the  fifth  pereiopods,  along  the  gonopods  and  into  the  annulus 
ventralis  (seminal  receptacle)  of  the  female.  This  latter 
structure  is  a  peculiar  convolution  of  the  exoskeleton  located 
between  the  bases  of  the  fourth  pereiopods,  and  its  shape  and 
contour  is  species  specific  (for  a  complete  description  of 
the  annulus  see  Andrews,  1906a,b).  Supposedly  the  sperm  are 
deposited  in  this  structure,  secured  with  a  sperm  plug,  and 
remain  thus  until  spawning  occurs.  Tack  (1941)  reported  the 
presence  of  a  sperm  plug  in  the  annulus  of  post*°copula  female 
Orconectes  immunis,  and  further  reported  that  subsequent  to 
egg  laying  the  sperm  plug  showed  a  broken  end.  It  should  be 
noted  however  that  0.  immunis  differ  from  the  majority  of  this 
genus  in  that  they  spawn  in  the  fall.  While  this  description 
may  be  valid  for  some  species  of  the  Cambarinae  (the  annulus  is 
not  present  in  the  Astacinae)  its  applicability  is  questionable 
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as  far  as  Qrconectes  virills  is  concerned „  I  have  examined 
the  annulus  of  over  a  thousand  mature  females „  including  more 
than  a  hundred  after  uninterrupted  copulation,,  and  have  never 
observed  a  sperm  plug  or  any  evidence  of  sperm  stored  in  the 
annulus  (see  Figure  8).  Many  of  these  were  experimental  animals 
that  later  spawned  viable  eggs  without  further  contact  with 
males « 

The  sperm  of  Q.  vlrilis  are  remarkably  similar  to  those 
figured  by  Huxley  (1880)  for  Astacus  fluvlatills «  All  attempts 
made  during  this  study  to  locate  these  sperm  either  in  the 
seminal  receptacle,,  oviducts  ,  or  ovary  of  mature  females  were 
unsuccessful*,  In  his  work  on  the  f ertilization  process  in  the 
spiny  lobster  Jasus  lalandei „  Fielder  (1964)  concluded  that 
it  was  probable  that  sperm  were  in  some  way  Introduced  through 
the  external  genital  openings  and  stored  between  the  villi 
in  the  oviduct  until  needed 0  In  0. virills  copulation  occurs 
at  any  time  after  the  July  reproductive  molt  and  the  eggs  are 
not  extruded  until  the  following  May.  Sperm,,  wherever  they  are 
stored ,  must  be  able  to  withstand  a  delay  of  up  to  ten  months. 

Cement  Glands 

With  the  onset  of  winter  conditions  the  ventral  surface 
of  the  female  abdomen  takes  on  an  opaque #  milky-white  appearance 
which  is  especially  apparent  on  the  uropods  (Fig.  9)°  This  is 
caused  by  the  accumulation  of  secretory  matter  In  the  cement 
glands  which  underlie  the  second  through  sixth  abdominal  sterna t 
associated  pleura,,  and  appendages ,  and  secrete  the  gelatinous 
substance  into  which  the  eggs  are  extruded.  Presumably  it  is 
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this  substance  which  forms  the  attachment  between  egg  and 
pleopod. 

In  1952  Gc  C.  Stephens  studied  the  effect  of  photoperiod 
on  the  development  of  the  cement  glands  of  Orconectes  vlrilis 
and  0.  rusticus ,  and  in  so  doing  he  developed  a  staging  system 
for  the  purpose  of  describing  the  degree  of  development  of 
these  glands o  In  stage  1.0  the  glands  appear  as  numerous  milky- 
white  translucent  circular  or  subcircular  spots .  Stage  2.0 
glands  show  enlargement  of  the  white  areas  and  the  appearance 
of  subcircular  transparent  areas  within  them*  In  stage  3«0 
the  glands  appear  as  translucent  lobate  clusters  surrounding 
th  original  white  areas  in  an  irregular  manner,  and  in  stage 
4  the  glands  become  opaque,  milky-white,  and  so  filled  with 
secretion  that  their  lobate  character  is  difficult  to  distin- 

i  1 

guisho  From  his  experiments  Stephens  concluded  that  cement 
glands  of  experimental  animals  exposed  to  twenty  hours  of  light 
per  day  develop  more  rapidly  than  do  those  of  animals  maintained 
in  darkness,,  However,  his  conclusions  were  based  upon  an  exper¬ 
imental  period  that  lasted  only  13  days  (1?  to  29  July).  No 
experiments  in  this  thesis  were  designed  specifically  to  evaluate 
the  effect  of  light  or  temperature  upon  the  development  of  the 
cement  glands,  but  certain  observations  made  during  the  molting 

1 

and  reproduction  experiments  are  of  interest  here.  Under  a  vari¬ 
able  long-day  photoperiod  (16-19  hr  daily) an  Immature  female 
molted  four  times  in  a  ?8-day  period.  The  fourth  molt,  on  4 
January,  was  apparently  the  maturity  molt  and  25  days  later, 
with  no  change  in  either  temperature  or  photoperiod,  the  cement 
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glands  were  found  to  be  at  stage  4.  This  would  seem  to  support 
Stephens*  (1952)  conclusion  that  cement  gland  development  is 
enhanced  in  long-day  conditions ,  On  19  July  1966,  four  mature 
females  were  collected  from  the  Beaver  River  and  at  the  time 
of  collection  none  showed  any  cement  gland  development  beyond 
stage  1,0.  These  animals  were  maintained  In  the  laboratory  at 
20  C  and  21  hr  of  light  daily  (21L-3D),  On  4  October  females 
in  the  Beaver  River  were  found  to  have  stage  4  cement  glands , 
and  a  subsequent  check  of  the  females  in  the  experimental 
tank  showed  that  they  also  had  stage  4  cement  glands.  This 
seemed  to  contradict  Stephens*  suggestion  that  photoperiod 
was  a  factor  in  cement  gland  development  since  the  photoperiod 
in  the  natural  environment  had  decreased  from  18  hr  at  the  time 
of  collection  to  12  hr  on  4  October,,  a  marked  decrease  of  about 
six  hours,  while  those  in  the  laboratory  were  maintained  at 
a  constant  21L-30  during  this  same  period.  Water  temperature 
in  the  river  had  dropped  from  a  daily  mean  of  20  C  to  a  daily 
mean  of  6  C  during  this  period,  while  that  in  the  laboratory 
was  held  at  a  constant  20  C,  If  these  two  cases  can  be  accepted 
as  typical  then  there  can  be  little  doubt  that  cement  gland 
maturation  is  not  under  the  direct  influence  of  either  light 
or  temperature.  There  is  a  suggestion  in  these  data  that  the 
cement  glands  commence  maturation  subsequent  to  the  summer  molt 
and  reach  stage  4  after  a  specific  period  of  time,  this  being 
independent  of  the  conditions  in  the  environment.  From  her  work 
with  the  southern  dwarf  crayfish  Cambarellus  shufeldti ,  Lowe 


(I96I)  concluded  that  cement  gland  development  accompanies 
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oocyte  development  and  maturation,,  As  the  ovary  approaches 
spawning  condition  the  cement  glands  approach  their  fullest 
development.  Gwen  J„  Stephens  (1952)  reported  that  the  ovary 
of  vlrllls  cycled  in  long-day  conditions ,  developing  to 
maturity  and  then  degenerating.  If  Lowe's  opinion  (that  cement 
gland  development  is  a  concomitant  of  ovarian  development)  is 
correct,  it  would  provide  a  satisfactory  explanation  for  both 
Grover  C.  Stephens8  (1952)  experimental  results  and  my  own 
apparently  contradictory  observations. 

Egg  Laying  and  Development 

Female  0.  virilis  In  the  Beaver-Amisk  system  retire  to 
winter  hibernacula  in  the  mud  beneath  rocks  when  the  temper¬ 
ature  drops  below  10  C,  and  remain  there  until  the  eggs  are 
extruded  the  following  spring.  In  a  normal  year  the  water 
temperature  will  decrease  to  3  C  by  the  first  of  November,  and 
reach  a  low  of  0.1  to  1.0  C  by  the  middle  of  January,  The 
period  from  onset  of  stage  4  cement  glands  to  oviposition  Is 
7z  to  8  months,  and  during  this  period  the  ovary  is  undergoing 
maturation.  Data  gathered  in  the  spring  of  1964,  1965#  and 
1966  show  that  egg  laying  occurs  in  90 %  of  mature  females 
between  the  10th  and  20th  of  May  (15-18  May  in  1964$  11-15 
May  In  1965?  14-16  May  in  1966).  Records  for  ovigerous  females 
of  this  species  in  Michigan  were  given  as  the  end  of  April 
(Creaser,  1931)  and  11  May  (Momot,  personal  correspondence). 

The  role  played  by  light  in  spawning  control  is  difficult 
to  assess  from  these  data.  There  Is  absence  of  light  for 
several  months  during  the  winter  when  the  ovaries  are  maturing. 
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and  the  female  is  faced  with  an  abrupt  exposure  to  long-day 
conditions  when  the  water  warms  in  the  springo  However,  my 
observations  and  the  findings  of  others  indicate  that  the 
females  do  not  normally  emerge  from  their  winter  seclusion 
until  after  spawning  has  occurred,  Thus  it  would  seem  that 
light  would  not  be  a  factor  in*  triggering  oviposition,  although 
G.  Jo  Stephens  (1952)  was  of  the  opinion  that  it  is0 

If  light  does  not  act  as  the  stimulus  for  spawning  then 
temperature  must  be  given  serious  consideration.  River  temper¬ 
ature  was  taken  with  a  thermometer  at  the  time  of  collection 
in  1964  and  1966,  and  in  both  years  the  water  temperature  during 
the  spawning  period  was  between  11  and  13  C  at  mid-day.  In 
1965 ,  when  a  continuous  temperature  record  was  obtained,  the 
water  temperature  throughout  the  spawning  period  ranged  from 
13 » 4  C  on  12  May  to  11,8  C  on  15  May,  Egg  laying  occurred  at 
the  end  of  a  long,  steady  rise  in  mean  temperature  from  5° 5  C 
on  2  May  and  it  seems  possible  that  this  rise  passed  through 
a  threshold  temperature  above  which  spawning  could  occur. 

Rate  of  egg  development  and  time  of  hatching  were  not 
accurately  determined  because  turbid  stream  conditions  made 
the  collection  of  large  numbers  of  ovigerous  females  difficult. 
Females  were  collected  with  larvae  attached  until  1  July,  and 
thereafter  in  decreasing  numbers  until  7  July,  a  spawning  to 
hatching  span  of  41-53  days.  Andrews  (1906c)  reported  51  days 
from  spawning  to  hatching  for  Orconectes  limosus ,  and  since 
the  rate  of  development  varies  with, the  temperature  these  data 
would  appear  accurate. 
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MOLTING 


The  Molt  Cycle 

Collections  were  made  periodically  from  the  spring  of 
1964  to  the  fall  of  I966  (three  molting  seasons).  From  the 
data  gathered  it  was  possible  to  determine  that  the  adult 
male  spring  molt  from  first  form  to  second  form  normally  takes 
place  between  1  June  and  15  June  for  90 %  of  adult  males.  These 
dates  may  be  shifted  either  way  by  as  much  as  a  week  depending 
upon  water  temperature.  This  is  about  45  days  later  than  has 
been  reported  for  other  species  in  New  York  (Tack,  1941)  and 
Illinois  (van  Deventer,  1937 )»  The  spring  molt  for  adult  male 
0.  vtrilis  has  been  determined  by  Momot  (pers.  corr. )  as 
occurring  between  1  June  and  4  July  in  Michigan,  and  by  Aiken 
(1965)  as  19  June  to  7  July  in  New  Hampshire. 

The  summer  molt  from  second  form  to  first  form  (the 
reproductive  molt)  occurred  between  1  July  and  15  July  for 
90$  of  the  adult  males,  with  the  remaining  ten  per  cent  extending 
the  molt  period  to  the  end  of  July.  The  fall  molt  for  90$  of 
adult  males  in  Michigan  extended  from  5  July  to  6  August 
(Momot,  pers.  corr.)  and  90$  of  those  in  New  Hampshire  molted 
between  27  August  and  2  September  (Aiken,  1965)0  It  can  be 
seen  from  these  data  that  the  summer  molt  period  in  Alberta 
occurs  somewhat  earlier  than  it  does  in  Michigan,  and  very  much 
earlier  than  In  New  Hampshire. 

Adult  females  molt  only  once  each  summer  and  this  molt  period 
commences  toward  the  end  of  the  adult  male  summer  molt  (around 
10  July)  and  extends  through  to  the  end  of  July. 
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The  spring  molt  period  for  juvenile  (yearling)  crayfish 
begins  In  late  May  and  is  completed  during  the  early  stages  of 
the  adult  male  molt  (about  5  June).  A  second  molt  period  com¬ 
mences  toward  the  last  week  of  June,  and  a  third  one  begins 
in  the  middle  of  July.  Roughly  80$  complete  a  fourth  molt  in 
the  first  week  of  August,  becoming  mature  at  this  time.  This 
figure  is  flexible  because  in  years  with  a  cold  spring  the 
young  are  slow  in  hatching  and  my  data  suggest  that  under  these 
conditions  the  majority  do  not  reach  maturity  at  the  end  of 
their  second  growing  season.  There  is  actually  very  little 
tolerance  since  the  temperature  begins  to  drop  quite  rapidly 
toward  the  middle  of  August.  These  results  differ  from  those 
obtained  by  Momot  (pers.  corr. )  for  this  species  in  Michigan. 

He  found  that  yearling  crayfish  there  underwent  three  to  four 
molts  before  entering  the  maturity  molt  between  17  June  and 
8  July.  Yearlings  in  Alberta  are  just  entering  their  second 
molt  at  the  time  their  counterparts  in  Michigan  are  undergoing 
the  maturity  molt.  This  fact  is  reflected  in  the  relative  size 
of  the  species  in  the  two  areas.  November  male  yearlings  in 
Michigan  average  31  •  2  nun  carapace  length  ,  as  opposed  to  25.3 
mm  mean  carapace  length  for  yearling  males  in  Alberta.  The 
various  annual  molting  periods  are  summarized  in  Figure  10. 

Effect  of  Photoperiod 

The  photoperiod  at  the  time  of  the  spring  molt  is  about 
18  hr  and  increasing  rapidly.  The  second  juvenile  molt  occurs 
when  the  photoperiod  is  about  18  hr  and  neither  increasing  nor 
decreasing  (although  it  would  have  been  increasing  during  the 
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premolt  stages).  The  reproductive  molt  for  males  occurs  when 
the  photoperiod  is  about  18  hr  and  decreasing,  but  it  would 
have  been  relatively  stable  throughout  most  of  proecdysis. 

The  third  juvenile  molt  occurs  at  a  photoperiod  of  about  17h 
hr  and  decreasing,  and  during  the  fourth  juvenile  molt  the 
photoperiod  is  down  to  about  16J  hr  and  rapidly  decreasing. 

From  this  it  can  be  seen  that  molting  can  occur  whether  the 
photoperiod  is  increasing,  remaining  stable,  or  decreasing,  and 
it  seems  logical  to  conclude  that  changing  photoperiod,  rate  of 
change,  and  alteration  of  the  circadian  rhythm  are  unimportant 
as  molt  initiating  parameters.  Only  duration  of  the  light  (or 
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dark)  phase  remains  unchallenged  as  a  possible  regulator  of 
molting  activity.  It  should  be  mentioned,  however,  that  although 
decreasing  photoperiod  is  obviously  not  a  requirement  for  molt, 
the  fact  that  the  second,  third,  and  fourth  juvenile  molt  peaks 
are  closer  together  than  the  first  and  second,  and  the  fact 
that  the  male  summer  molt  in  Alberta  Is  considerably  advanced 
over  that  in  Michigan  and  New  Hampshire  suggests  that  perhaps 
there  is  some  enhancing  effect  of  declining  photoperiod. 

Effect  of  Temperature 

In  1955  Stephens  reported  that  0-  virllis  could  molt 
successfully  at  a  temperature  of  15  C  or  higher.  This  was  in 
contrast  to  the  findings  of  Kyer  (1942)  who  removed  the  eye- 
stalks  from  a  group  of  CL_  virllis  and  found  no  change  in 
gastrolith  development  during  a  three  week  period  at  15  C,  while 
good  to  excellent  gastrolith  development  occurred  in  a  control 
group  maintained  at  20-23  C.  Mobberly  (I963)  found  that  in 
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the  crayfish  Faxonella  eight  days  elapsed  between  surgical 
elimination  of  the  source  of  the  molt  inhibiting  hormone  and 
the  onset  of  molt.  Scudamore  (1942,  1947)  found  that  in  0.  vlrllis 
gastrolith  development  (which  marks  the  onset  of  proecdysis) 
commenced  about  16  days  prior  to  molt  and  accelerated  rapidly 
during  the  last  seven  days.  All  of  this  seems  to  indicate  that 
the  temperature  above  which  proecdysis  and  molt  can  occur  is 
somewhere  between  15  and  16  C,  and  that  about  15  days  is  required 
for  completion  of  the  steps  of  proecdysis.  As  previously  noted, 
the  mean  temperature  in  the  Amisk  River  rose  above  15  C  on 
26  May  and  remained  above  that  level  from  then  on.  This  is 
only  three  days  before  the  onset  of  the  yearling  molt.  However, 
the  temperature  did  exceed  15  C  for  short  periods  as  far  back 
as  10  May,  twenty  days  before  the  commencement  of  the  yearling 
molt.  Mobberly  ( 1963 )  found  that  alternating  Faxonella  between 
low  temperature  (8-10  C)  and  room  temperature  (19-21C)  pro¬ 
longed  the  intermolt  period  only  by  the  amount  of  time  actually 
spent  in  the  cold  conditions.  Thus  it  would  seem  that  the  twenty- 
day  period  between  the  first  record  of  a  15  C  temperature  in 
the  Amisk  River  and  the  onset  of  the  molt  is  about  what  would 
be  expected.  This  situation  will  be  further  clarified  by  the 
results  obtained  from  the  laboratory  molting  experiments. 

The  apparent  conflict  between  Kyer’s  (1942)  data  for 
0.  virilis  and  Stephens’  (1955)  results  for  this  same  species 
points  up  the  possible  danger  of  assuming  identity  of  physio¬ 
logical  processes  between  geographically  isolated  populations 
of  the  same  species.  Kyer’s  data  were  obtained  for  specimens 
collected  in  Massachusetts.  The  date  of  the  spring  molt  for 
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this  species  in  New  Hampshire »  approximately  100  miles  north 
of  Kyer's  collection  sites ,  is  much  later  than  the  corresponding 
molt  in  Alberta  (Aiken,  1965),, 

The  fact  that  molting  occurs  during  periods  of  increasing 
temperature,  stable  temperature,  and  decreasing  temperature  rules 
out  the  possibility  that  any  aspect  of  changing  temperature  is 
the  initiator  of  a  molt  cycle  (with  the  possible  exception  of 
the  spring  molt).  These  data  do  not  eliminate  the  possibility 
that  molting  may  occur  at  regular  intervals  as  long  as  the 
temperature  is  above  a  certain  threshold  (irrespective  of  light 
and  other  factors),  but  other  studies  (e.g. ,  Stephens,  1955) 
have  shown  that  this  is  not  the  case  as  molting  will  not  occur 
in  constant  darkness  even  if  the  temperature  is  favorable  for 
molt.  Temperature  appears  to  influence  the  molt  cycle  prin¬ 
cipally  by  establishing  a  set  of  limitations  within  which  a 
molt-regulating  factor  such  as  light  may  operate.  As  previously 
stated,  a  possible  stimulatory  effect  of  temperature  rise  in 
the  spring  cannot  be  ruled  out  by  these  data,  but  this  question 
will  be  clarified  in  the  section  dealing  with  laboratory  exper- 
iments  on  molting. 

Life  Span 

Age  composition  of  the  crayfish  in  the  Beaver  River 
was  analyzed  from  size-frequency  graphs.  Because  of  molting 
the  growth  of  crayfish  is  stepwise.  Size-frequency  polygons 
break  up  the  population  into  natural  size  groups  with  distinct, 
easily  followed  modes  (Van  Deventer,  1937) •  When  such  a  system 
is  used  there  is  no  overlap  for  young  of  the  year  or  yearlings 
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but  the  size-frequency  graphs  become  polymodal  for  the  two 
oldest  age  groups.  Momot  (pers.  corr. )  separated  these  groups 
by  arbitrarily  picking  a  point  of  separation  between  the  two 
age  groups  and  found  from  following  known-age  populations  that 
this  method  was  80$  accurate.  This  is  the  system  that  was  used 
to  determine  age  structure  in  the  Beaver  River,  and  from  this 
it  was  concluded  that  crayfish  in  Alberta  live  about  3§  years. 
Males  usually  die  during  the  spring  or  summer  molt  of  their 
fourth  growing  season.  Many  fail  to  participate  in  the  molt 
and  die  shortly  thereafter.  Females  usually  die  during  or 
shortly  after  the  summer  molt  of  their  fourth  growing  season. 
Both  sexes,  then,  participate  in  at  least  two  breeding  seasons 
in  a  normal  life  span. 
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Figure  6.  Seasonal  changes  in  the  Amisk  River  capable  of 
altering  quantity  and  quality  of  light  reaching 
the  bottom. 


A  Stream  conditions  in  early  September.  Water 
is  clear  and  low,  light  penetration  is  at  a 
maximum. 


B  Early  November.  Water  still  clear,  light 

penetration  still  near  maximum  for  this  time 
of  year. 


C  Early  January.  Stream  completely  frozen  over 
and  covered  with  25  cm  of  snow.  Light  penetra¬ 
tion  is  negligible. 
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Figure  7.  Copulatory  appendages  of  male  Orconectes  vlrilis . 

From  top  to  bottom; 

A  mesial  view  of  right  first  pleopod  of  a 
First  Form  three-year-old  male? 

B  mesial  view  of  right  first  pleopod  of  a 
First  Form  male  following  the  maturity 
molt? 

C  mesial  view  of  right  first  pleopod  of  a 
Second  Form  three-year-old  male? 

D  mesial  view  of  right  first  pleopod  of  a 
juvenile  male. 
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Figure  8.  The  annulus  ventralis  (seminal  receptacle) of  a 
mature  female  Orconectes  virills . 

The  photograph  was  taken  immediately  after 
uninterrupted  copulation  (note  the  absence  of 
any  sign  of  a  sperm  plug),  and  this  female 
ultimately  produced  viable  eggs  without 
further  contact  with  a  male. 
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Figure  9.  Stage  4  cement  gland  development  on  the  ventral 
abdominal  surface  of  Orconectes  virllls . 

The  cement  glands  can  be  seen  as  milky-white 
aggregations  of  secretory  matter  on  the  second 
through  sixth  abdominal  sterna  and  pleura,  and 
are  especially  prominent  on  the  uropods. 
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Figure  10.  Relationship  between  temperature,  photoperiod, 
and  the  various  spawning  and  molting  periods 
in  the  Beaver-Amisk  system,  1964-1966. 

Sunrise-sunset  photoperiod  is  shown  by  the  solid 
curve,  while  the  dots  represent  maximum  photo¬ 
period  registered  by  the  selenium  photocell. 

The  hatched  bar  indicates  the  period  during 
which  the  mean  daily  water  temperature  was  above 
15  C  in  1965»  The  lettered  blocks  indicate  the 
following: 

A  period  in  which  90%  of  females  examined  in 
the  river  were  ovigerous  (1964-1966  data); 

B  period  during  which  90%  of  yearling  males 
underwent  the  first  molt  (1964-1966  data); 

C  period  of  the  second  yearling  molt  (1964  and 
1966  data ) ; 

D  period  of  the  third  yearling  molt  (1964  and 
( 1966  data) ; 

E  period  during  which  yearlings  undergo  the 
fourth  molt  (1964-1966  data); 

F  period  of  adult  female  molt  (1966  data); 

G  period  of  spring  molt  for  all  age  classes 
of  mature  males  (1964-1966  data  for  90% 
of  collected  specimens); 

H  period  of  summer  molt  for  all  age  classes 

of  mature  males  (I966  data  for  90%  of  specimens). 


1  r  d 
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Figure  11.  Equipment  used  for  molting  and  spawning  exper¬ 
iments  . 

Top.  Temperature  control  holding  tank. 

A  Bi-metal  thermostat  used  to  hold  temperature 
at  a  constant  4.0  C. 

B  Cooling  coils  from  refrigeration  unit. 

Center.  A  portion  of  the  spawning  and  molting 
tanks  used. 

A  Thermostat  for  control  of  two  heating  units 
and  one  refrigeration  unit. 

B  One  of  two  Cole-Parmer  (Model  A-5NL)  water 
pumps  used  in  the  recirculation  system. 

C  Water  reservoir  for  the  entire  system. 

D  Water  return  hoses  from  the  individual  tanks. 

E  Spawning  and  molting  tank  #2  in  Unit  1. 

Bottom.  Close  view  of  tanks  3  and  4  in  Unit  2. 
These  tanks  were  used  for  both  molting  and 
spawning  experiments. 
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LABORATORY  EXPERIMENTS 

REGULATION  OF  REPRODUCTION 

Review  of  the  Literature 

Although  the  environmental  influence  on  the  reproductive 
physiology  of  many  vertebrates  has  been  extensively  studied 
and  is  rather  well  known,  the  precise  influence  of  the  environ¬ 
ment  on  the  reproductive  processes  of  the  invertebrate  phyla 
remains  largely  a  mystery.  Attempts  to  study  the  influence  of 
a  single  environmental  factor,  e.g. ,  light,  are  complicated  by 
the  intimate  relationship  between  light  and  temperature.  In  the 
natural  environment  changes  in  the  value  of  light  are  invariably 
accompanied  by  changes  in  temperature.  Although  a  relatively 
minor  alteration  of  temperature  can  often  be  ignored  in  vertebrate 
studies  it  can  often  have  a  profound  effect  upon  the  metabolism 
of  a  poikilotherm.  In  fact,  where  poikilotherms  are  concerned 
temperature  establishes  the  limits  within  which  a  system  may 
function. 

Whatever  the  controlling  environmental  influence  may  be 
the  mediator  of  this  influence  must  ultimately  be  endocrin¬ 
ological.  Panouse  (1943,  1944,  1946)  was  the  first  to  demonstrate 
the  important  reproductive  influence  of  the  crustacean  sinus 
gland  in  the  shrimp  Leander  serratus  t  when  he  showed  that 
bilateral  ablation  of  the  sinus  glands  Initiated  a  period  of 
rapid  oocyte  development  which  could  culminate  in  the  spawning 
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of  apparently  normal  eggs,  Brown  and  Jones  (194?,  1949)  confirmed 
these  findings  in  the  crayfish  Orconectes  immunis „  and  the 
fiddler  crab  Uca  pugllator ,  Takewaki  and  Yamamoto  (1950)  exten- 
ded  this  work  to  the  shrimp  Paratya  compressa,  Otsu  and 
Hanaoka  (1951)®  working  with  Potamon  dehaanl,  and  Demeusy  and 
Lenel  (1953)  with  Garcinus  maenas ,  found  that  eyestalk  removal 
accelerated  sexual  development  of  immature  females ,  In  1963 
Otsu,  still  working  with  Potamon,  concluded  that  ovarian  devel¬ 
opment  in  this  freshwater  crab  was  controlled  by  two  antagonistic 
hormones.  An  eyestalk  hormone  suppressed  ovarian  development, 
and  some  substance  released  by  the  thoracic  ganglion  stimulated 
ovarian  development.  He  hypothesized  that  ovarian  development 
is  brought  about  by  '‘seasonal  interruption”  of  the  suppressive 
action  of  the  eyestalk  hormone. 

Eleven  years  previous  to  Otsu 8 s  work,  G.  J,  Stephens 
(1952)  had  postulated  a  multi-hormonal  control  of  ovarian 
development  in  the  crayfish  Orconectes  virilis .  She  concluded 
that  the  sinus  gland  secreted  a  hormone  that  had  a  suppressive 
effect  upon  the  ovary,  but  that  the  stimulatory  effect  came 
from  the  “brain”  which  secreted  a  hormone  in  response  to  exten¬ 
ded  photoperiods.  She  further  postulated  that  the  sinus  gland 
produced  a  second  hormone  under  short  day  conditions  that 
conjugated  the  brain  hormone.  In  this  conjugated  form  the  brain 
hormone  caused  yolk  deposition  and  ovarian  maturation,  whereas 
the  unconjugated  form  caused  proliferation  of  interstitial 
tissue  and  new  oocyte  formation. 

If  the  question  of  endocrinological  control  of  reproduction 
is  not  clear,  the  role  played  by  environmental  conditions  is 
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even  less  so.  In  recent  years  many  workers  have  examined  the 
role  played  by  environmental  conditions  In  the  life  cycle  of 
insects,  Marcovitch  (1924)  showed  the  effect  of  day  length  on 
the  sexual  forms  of  the  aphid,  and  this  was  the  first  in  a 
long  procession  of  photoperiod  studies  by  many  workers,  Wilde 
(1962)  has  presented  a  recent  review  of  entomological  work 
on  this  subject. 

Among  the  Crustacea,  G.  J.  Stephens  (I952)  showed  that 
in  Orconectes  virills  normal  cyclic  ovarian  growth  and  degen¬ 
eration  was  accelerated  under  long  photoperiods,  and  that 
complete  darkness  interrupted  this  cycle  allowing  the  oocytes 
to  mature,  G,  C,  Stephens  (1952)  showed  that  in  0,  rus ticus 
longer  photoperiods  caused  more  rapid  development  of  the  cement 
glands,  Suko  (1958)  showed  that  in  Procambarus  clarkli  the 
ovarian  response  to  darkness  depended  upon  the  state  of  the 
ovary  when  the  animal  is  exposed  to  light-free  conditions. 

The  work  of  Lowe  (I96I)  with  the  dwarf  crayfish  Cambarellus 
shuf eldti  supported  G,  J.  Stephens®  (1952)  findings  that  long 
photoperiods  increase  the  maturation  and  resorption  cycling 
rate  of  oocytes,  and  showed  that  decreased  photoperiods  affect 
the  ovary  differently  at  different  stages  In  its  development. 
Lowe  also  showed  that  decreased  temperatures  slow  oocyte 
maturation  while  elevated  temperatures  cause  rapid  maturation 
followed  by  disintegration, 

G.  J.  Stephens  (1952)  concluded  that  in  Orconectes  virills 
the  increasing  photoperiod  in  the  spring  acted  through  the 
sinus  gland  to  initiate  spawning,  and  yet  Jegla  (I966)  found 
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that  spawning  in  the  cave  crayfish  Orconectes  pellucldus  was 
closely  synchronized  with  that  of  epigean  crayfish  in  the  area, 
even  though  there  was  no  light  present  in  the  cave  environment. 

OVARIAN  MATURATION 

As  was  pointed  out  earlier,  in  the  Beaver-Amisk  river 
system  female  crayfish  are  exposed  to  more  than  seven  months 
during  which  the  mean  daily  water  temperature  is  less  than 
10  C,  and  during  the  greater  part  of  this  time  the  crayfish 
are  partially  buried  in  mud  beneath  rocks.  Above  this  lies  a 
layer  of  water  on  which  there  may  be  as  much  as  90  cm  of  ice, 
and  on  this  a  variable  blanket  of  snow  (Figure  6C,  p  31 )» 
Evernden  (1966)  showed  that  20  cm  of  snow  was  sufficient  to 
reduce  light  to  negligible  levels,  and  when  this  effect  is 
compounded  by  ice  and  water  there  is  virtually  no  light 
reaching  the  bottom  of  the  stream.  What  little  light  does  reach 
the  bottom  is  effectively  blocked  by  the  layer  of  mud  and  rock 
that  surrounds  the  crayfish  at  this  time  of  year.  To  determine 
the  duration  of  exposure  to  these  conditions  that  is  essential 
to  ensure  successful  spawning,  and  to  determine  whether  both 
factors  (cold  and  darkness)  are  essential  to  the  maturation 
process,  a  series  of  laboratory  experiments  was  designed. 

SERIES  A  Maturation  time  at  4  C  in  continuous  darkness. 

Methods 

All  crayfish  used  in  this  experiment  were  females  that 
displayed  stage  4  cement  glands  when  collected.  Approximately 
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four  hours  elapsed  from  time  of  collection  until  installation 
in  a  laboratory  holding  tank,  but  water  temperature  was  held 
below  10  C  during  transport  by  the  addition  of  ice.  The  holding 
tank  was  60  x  60  x  125  cm,  insulated,  and  provided  with  cooling 
coils,  a  sensitive  thermostat,  light-tight  cover,  two  automatic¬ 
ally  regulated  cool -white  fluorescent  lights,  and  one  40  w 
incandescent  light.  The  bottom  of  the  tank  was  covered  with  a 
5  cm  layer  of  small  crushed  stones  and  a  variety  of  larger 
rocks  and  pieces  of  concrete  so  that  adequate  cover  was  pro¬ 
vided  for  all  animals.  A  remote  reading  thermometer  was  installed 
to  provide  a  check  on  temperature  without  admitting  light  to 
the  tank.  Photoperiod  was  maintained  at  zero,  and  temperature 
was  held  at  a  constant  4  C.  Once  placed  in  the  holding  tank  the 
animals  were  neither  fed  nor  disturbed  until  moved  to  the 
spawning  tanks. 

The  spawning  tanks  were  a  series  of  white  15  x  30  x  33  cm 
plastic  trays  Interconnected  by  a  temperature  regulated  water 
recirculating  system  (Figure  11).  Each  unit  of  two  trays  was 
illuminated  by  one  General  Electric  F20  T12  Cool  White  fluorescent 
light  placed  38  cm  above  the  surface  of  the  water,  which  provided 
25  to  50  ft-c  illumination  at  the  surface.  These  lights  were 
controlled  by  automatic  time  switches  (Intermatic,  T-109K 
Temperature  was  regulated  to  within  i  0,5  C  by  a  combination 
of  two  thermostatically  controlled  200  w  aquarium  heaters  and 
a  thermostatically  controlled  refrigeration  unit  in  the  main 
water  reservoir.  All  units  were  self  contained  light-tight 
cabinets,  the  walls  of  which  were  painted  white  for  maximum 
reflected  Illumination.  Stones  and  flat  rocks  were  provided 
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for  cover  as  in  the  holding  tank.  Two  Cole-Parmer  Model 
A“5NL  pumps  were  used  to  recirculate  the  water  through  the 
tanks . 

In  this  series  of  experiments  the  water  temperature  in 
the  spawning  tanks  was  maintained  at  20  C  and  the  photoperiod 
at  17L =7D.  Ten  animals  were  used  for  each  experimental  run 
with  only  two  assigned  to  each  tank.  This  avoided  the  danger 
of  stress  at  a  time  when  the  animals  are  extremely  sensitive. 
Animals  were  removed  from  the  holding  tank  and  placed  in 
individual  number  7  polyethylene  bags  filled  with  approximately 
300  cc  of  water  at  4  C.  These  were  then  placed  in  the  spawning 
tanks  and  allowed  to  warm  naturally  to  20  C,  after  which  the 
crayfish  were  released  from  the  bags.  The  maturation  period  was 
tested  at  half-month  intervals  from  two  to  six  months.  It  was 
decided  that  the  criterion  for  ovarian  maturation  would  be  the 
readiness  of  the  animal  to  spawn  when  presented  with  conditions 
present  in  the  stream  following  the  spring  spawning  period 
(20  C  and  17  hr  light).  Gross  and/or  microscopic  ovarian 
examination  was  ruled  out  as  a  criterion  of  readiness  to  spawn 
on  the  grounds  that  an  ovary  may  appear  mature  before  the  animal 
is  ready  or  able  to  spawn. 

Each  experimental  run  lasted  14  days,  as  it  was  found 
that  spawning  almost  always  occurred  within  the  l4~day  period 
if  it  was  going  to  occur  at  all.  In  order  to  minimize  unnatural 
disturbance  the  crayfish  were  examined  briefly  only  once  each 
day. 

Because  of  the  difficulty  in  collecting  and  holding 
enough  mature  females  to  complete  all  of  the  maturation  exper- 
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Iments  in  one  winter  the  study  was  conducted  over  three  winter 
seasons o  Year  to  year  variation  in  onset  and  rate  of  photoperiod 
and  temperature  decline  is  very  small  and  for  this  reason  the 
results  from  the  three  different  years  were  considered  to  be 
comparable . 

The  first  of  October  was  arbitrarily  selected  as  the 
commencement  of  the  maturation  period  in  the  riverB  G.  J. 
Stephens  (1952)  found  that  eyestalk  ablation  in  early  September 
resulted  in  accelerated  yolk  deposition  in  the  eggs,  but  eye- 
stalk  removal  after  the  end  of  September  no  longer  produced  this 
same  result.  This  was  taken  along  with  other  evidence  to  indi¬ 
cate  that  an  ovarian  inhibiting  hormone  ceases  to  inhibit  yolk 
deposition  about  the  first  of  October,  and  that  the  ovary  has 
entered  a  period  of  maturation  and  growth  that  continues  until 
February,  at  which  time  no  further  change  takes  place.  Stephens’ 
data  seemed  to  show  that  darkness  was  the  only  requirement  for 
ovarian  maturation,  since  she  obtained  uninterrupted  ovarian 
growth  from  October  to  February  in  darkness  where  the  water 
temperature  was  that  of  a  ’’running  stream  of  tap  water.”  She 
followed  ovarian  progression  until  June,  well  past  normal 
spawning  time  for  0.  vlrllis »  but  she  made  no  mention  of  the 
occurrence  of  egg  laying.  In  view  of  Stephens’  results  I  felt 
that  the  maturation  period  used  in  the  experiment  described 
below  should  duplicate  as  nearly  as  possible  the  normal  environ¬ 
mental  conditions,  since  it  was  quite  possible  that  low  temper¬ 
ature  might  be  necessary  for  successful  maturation  (successful 
maturation  being  that  condition  in  which  spawning  may  be  induced 
by  appropriate  environmental  stimuli).  Although  the  highest 
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temperature  at  which  successful  ovarian  maturation  would  occur 
was  not  known,  10  C  was  selected  for  the  following  reasons, 

1.  No  ovigerous  females  were  ever  collected  in  the  Beaver- 
Amisk  rivers  when  the  temperature  was  below  10  C, 

2„  Few  crayfish  are  caught  in  traps  set  where  the  water 
temperature  is  below  10  C,  which  indicates  that  the  crayfish 
are  no  longer  active  and  have  begun  the  period  of  winter 
dormancy o 

3.  Females  found  beneath  rocks  at  temperatures  lower  than 
10  C  are  half  buried  in  the  mud  and  frequently  covered  with 
silt,  a  condition  that  also  indicates  that  they  have  retired 
to  their  winter  hibernaculao 

All  females  used  in  these  experiments  were  collected 
from  the  Beaver-Amlsk  system  between  Briereville  and  Bonny- 
ville,  Alberta,  between  25  September  and  5  October  each  year. 
The  temperature  in  the  holding  tank  was  adjusted  so  that  it 
was  identical  to  that  in  the  river  at  the  time  of  collection, 
and  then  reduced  to  4  C  over  a  seven  day  period,.  Photoperiod 
was  maintained  at  12L-12D  until  1  October,  at  which  time  it 
was  reduced  to  zero. 

Control  groups  for  each  experimental  run  consisted  of 
the  animals  still  remaining  in  the  holding  tank.  If  no  spawning 
occurred  in  the  holding  tank  then  it  can  be  safely  assumed  that 
any  response  manifested  in  the  experimental  group  was  due  to 
the  experimental  conditions  and  not  simply  to  elapsed  time 
since  collection.  Table  I  summarizes  the  years  of  collection, 
experimental  runs,  and  sizes  of  control  and  experimental 
groups  used  in  this  series. 
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Table  I.  Summary  of  experimental  procedure  for  Series  A 
(ovarian  maturation)  experiments. 


Year 

Collected 

Num¬ 

ber 

Experimental  Dates 

Matur¬ 

ation 

Months* 

No. 
exptl 
c*  f ish 

No. 

control 
c  *  fish 

1963 

58 

1 

Dec-14 

Dec  1963 

2 

10 

48 

15 

Feb-28 

Feb  1964 

H 

10 

38 

1 

Mar-14 

Mar  1964 

5 

10 

28 

15 

Mar-28 

Mar  1964 

5i 

10 

18 

1 

Apr~l4 

Apr  1964 

6 

10 

8 

1964 

19 

15 

Jan-28 

Jan  1965 

3i 

10 

9 

1965 

46 

15 

Dec-28 

Dec  1965 

2§ 

10 

36 

1 

Jan-14 

Jan  1966 

3 

10 

26 

1 

Feb-14 

Feb  1966 

4 

10 

16** 

*Months  of  maturation  since  1  October  each  year. 

**Eight  of  these  remaining  16  females  served  as  the  control 
group  for  Series  C,  and  the  other  eight  as  controls  for 
Series  D. 


Results 


2  Months 

On  1  December  1963  ten  females  were  removed  from  the 
holding  tank  under  subdued  red  light  and  transferred  to  the 
spawning  tanks  at  20  C  and  17L-7D  photoperiod.  At  the  end  of 
14  days  none  of  the  animals  had  spawned.  This  group  was 
maintained  under  these  conditions  until  2  February ,  when  one 
of  the  group  spawned.  Between  25  December  and  2  February  the 
remaining  nine  females  showed  red  blood  coloration  indicative 
of  yolk  resorption.  This  was  later  confirmed  by  autopsy.  It 
was  thus  assumed  that  the  one  animal  had  somehow  managed  to 
continue  ovarian  maturation  in  spite  of  the  unfavorable  exper¬ 
imental  conditions,  and  spawned  when  maturation  was  complete 
(in  this  case  about  four  months).  None  of  the  48  control  animals. 
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maintained  at  4  C,  spawned  during  the  14-day  period, 

2j  Months 

Of  ten  females  transferred  to  the  spawning  tanks  on 
15  December,  1965*  three  died  between  the  10th  and  13th  day. 

None  spawned  in  the  14-day  period.  One  more  died  at  a  later 
date  but  all  of  the  remaining  six  showed  red  blood  color  indic¬ 
ative  of  yolk  resorption,  subsequently  confirmed  by  autopsy. 

None  of  the  28  control  animals,  maintained  at  4  C,  spawned 
during  the  experimental  period. 

3  Months 

Transferred  to  the  spawning  tanks  on  1  January  19 66.  Two 
died  between  the  8th  and  12th  day.  One  spawned  on  the  12th  day. 
Seven  failed  to  spawn  in  the  1 4-day  period,  and  were  not  main¬ 
tained  beyond  this  point.  None  of  the  18  control  animals  spawned. 

Months 

Of  ten  females  transferred  to  the  spawning  tanks  on 
15  January  1965*  one  died  without  spawning,  one  spawned  on  the 
tenth  day,  and  eight  failed  to  spawn  in  the  14-day  period. 

None  of  the  nine  control  animals  spawned. 

4  Months 

Ten  females  were  transferred  to  the  spawning  tanks  on 
1  February  1966.  Eight  of  the  ten  animals  spawned  successfully 
in  the  1 4-day  period;  one  each  on  day  7  and  8,  three  on  day 
9,  two  on  day  10,  and  one  on  day  11,  None  of  the  eight  control 
animals  spawned  during  the  1 4-day  period. 


4|  Months 

All  ten  females  transferred  to  the  spawning  tanks  on 
15  February  spawned  successfully.  Six  spawned  on  day  7®  two 
on  day  8,  and  two  on  day  9«  None  of  the  38  control  animals 
spawned. 

5  Months 

All  ten  females  transferred  to  the  spawning  tanks  on 
1  March  spawned  successfully.  Two  spawned  daily  from  the  4th 
through  the  8th  experimental  day. 

5±  Months 

Ten  females  transferred  on  15  March  1964  spawned  within 
the  14-day  period?  four  on  day  6,  four  on  day  7®  and  two  on 
day  8.  None  of  the  18  control  animals  spawned. 

6  Months 

Commenced  1  April.  Six  spawned  on  day  3®  four  on  day  4. 
None  of  the  control  animals  spawned. 

Supplementary  Experiments 

The  winter  of  1963-64  was  relatively  mild  and  the  Amisk 
River  became  partially  ice-free  from  late  February  on.  This 
was  the  only  opportunity  that  I  had  in  the  course  of  this 
study  to  collect  females  that  had  undergone  ovarian  maturation 
in  the  river  for  comparison  with  those  that  were  experiencing 
laboratory  maturation  conditions.  Two  collections  were  made; 
one  on  23  February  and  one  on  28  March.  These  represented 
approximately  five  and  six  months  of  maturation  respectively. 
These  crayfish  were  brought  into  the  laboratory  and  exposed  to 
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the  same  spawning  conditions  as  the  experimental  animals, 
with  the  following  results, 

5  Months  (23  February  1964) 

Five  females  collected  from  the  Amisk  River  all  spawned 
within  eight  days.  One  on  day  4,  two  on  day  6,  one  on  day  7» 
and  one  on  day  8. 

6  Months  (28  March  1964) 

Of  eight  females  collected  from  the  Amisk  River,  one 
died  and  seven  spawned  within  five  days.  Three  spawned  on 
day  3,  three  on  day  4,  and  one  on  day  5» 


Table  II.  Relationship  between  months  of  ovarian  maturation 
and  readiness  to  spawn. 


Months  of 

Days 

From 

Start 

of 

Rising  Temperature 

Maturation  2 

3 

4 

5 

6 

7 

8 

9 

10  11  12  13  14 

% 
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0 

2-|- 
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3 

1 

10 

3i 

1 

10 
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1 

1 

3 

2  1 

80 

H 

6 

2 
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100 

5 

2 

2 
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2 

2 

100 

Supplementary 

1 

2 

1 

1 

100 

5i 

4 

4 

2 

100 

6 

6 

4 

100 

Supplementary 

3 

3 

1 

100 

Numbers  in  the  body  of  the  table  indicate  animals  spawning 
on  a  given  experimental  day. 
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All  of  the  data  from  Series  A  are  summarized  in  Table 
II,  and  from  this  the  following  conclusions  have  been  drawn, 

1.  The  results  from  this  series  of  experiments  show  that 
4-4§  months  of  winter  conditions  are  required  for  successful 
ovarian  maturation  (assuming  that  maturation  commences  about 
1  October). 

2.  As  the  maturation  time  increases  from  two  to  six 
months  there  is  a  corresponding  decrease  in  the  latent  period 
between  onset  of  warm  water  conditions  and  egg  laying. 

3*  There  is  more  to  the  ovarian  maturation  process  than 
is  manifest  in  gross  examination  of  the  ovaries  since  apparent 
growth  ceases  in  February  but  readiness  to  spawn  continues 
to  increase  at  least  until  April. 

4.  The  laboratory  experimental  conditions  produced  ovarian 
maturation  which  is  comparable  to  that  in  the  Amisk  River. 

SERIES  B  Maturation  at  4  G  and  18L-6D  photoperiod 

B1  Ten  females  collected  on  29  September  1963  were 
placed  in  the  holding  tank  at  4  C  with  the  photoperiod  set  at 
18L°6d  (approximately  the  longest  photoperiod  encountered  at 
this  latitude)  controlled  by  an  automatic  time  clock  that 
turned  the  light  on  at  0600  hr  and  off  at  2400  hr.  Split  cement 
blocks  were  provided  for  cover.  These  allowed  the  animals  a 
cave»like  retreat  but  prevented  their  complete  escape  from  the 
influence  of  the  daily  photoperiod.  On  1  March  1964  (five  months 
of  maturation)  they  were  transferred  to  the  spawning  tanks. 

Three  had  died  during  the  maturation  period.  Of  the  remaining 
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seven,  two  died  without  spawning,  two  failed  to  spawn  In 
the  14-day  period,  and  three  spawned  successfully  (on  days  5, 

12,  and  13).  Series  A  (5  month  maturation)  crayfish  served  as 
a  control  group  for  this  experiment;  all  spawned  between  day 
4  and  day  8  of  the  1 4-day  period. 

B2  Because  of  the  inconclusive  nature  of  the  results  of 
this  experiment  it  was  repeated  in  1966-6?  with  one  modification. 
This  time  the  split  cement  blocks  were  replaced  by  several 
pieces  of  6.5  mm  plate  glass,  which  would  provide  a  tactile 
stimulus  without  interfering  with  reception  of  light  by  the 
experimental  animals.  This  time  the  control  group  consisted  of 
six  females  maintained  in  darkness  at  4  C  for  five  months. 

Five  females  died  during  the  five  month  exposure  to 
experimental  conditions  and  all  had  well  developed  ovaries. 

On  1  March  1967  the  five  remaining  animals  were  transferred 
to  the  spawning  tanks.  All  five  died  without  spawning,  one 
of  which  died  in  the  process  of  molting.  All  had  stage  4 
cement  glands  and  apparently  fully  mature  ovaries.  All  six 
control  animals  survived  the  five  month  maturation  period  and 
all  spawned  within  the  14-day  period  commencing  1  March  1967. 

Conclusions :  (1)  cold  water  alone  will  not  ensure  success¬ 
ful  ovarian  maturation;  (2)  cold  water  prevents  the  cyclic 
resorption  of  the  ovary  that  will  occur  in  long-light  and 
warm  water  (Stephens,  1952);  (3)  the  ovary  will  develop  to 
apparent  maximum  size  in  cold  water  and  long  photoperiod  but 
spawning  will  not  normally  occur;  (4)  the  occasional  molt  or 
molt  mortality  is  probably  a  result  of  the  18L-6D  photoperiod 
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(and  the  excessive  mortality  under  these  experimental  conditions 
may  also  be  connected  with  a  molting  response)?  (5)  these 
results  suggest  that  the  incidence  of  egg  laying  observed  In 
B1  was  due  to  the  ability  of  a  few  of  the  animals  to  withdraw 
sufficiently  from  the  effects  of  lighte 

SERIES  C  Maturation  at  20  C  and  constant  darkness 

Ten  females  collected  on  4  October  1965  were  placed  in 
a  holding  tank  at  20  C  and  continuous  darkness „  Natural  cover 
was  provided.  This  group  was  fed  meat  dogfood  and  supplied  with 
algae-covered  rocks  twice  each  week  in  a  darkened  room  with  the 
aid  of  a  dim  red  light.  Feeding  was  necessary  because  the 
high  temperature  resulted  in  normal  metabolic  demand  which 
might  force  resorption  of  the  oocytes  as  a  nutritional  source 
if  no  food  was  provided.  Although  there  Is  a  possibility  that 
the  experimental  animals  might  be  sensitive  to  red  light  and 
that  the  validity  of  results  might  thus  be  prejudiced5  It  was 
felt  that  this  danger  of  bias  was  small  compared  to  the  pre¬ 
judicial  effects  of  five  months  of  starvation. 

Two  of  the  ten  females  died  and  one  spawned  ( 1 6  February) 
prior  to  being  transferred  to  the  spawning  tanks  on  1  March 
1966.  Of  the  remaining  seven  animals,  one  molted  during  the 

1 

1 4-day  period.  One  other  molted  on  the  26th  of  March.  This 
female  had  stage  4  cement  glands  until  molting  occurred,  but 
the  cement  glands  of  the  one  that  molted  during  the  14-day 
period  were  found  to  have  regressed  to  stage  1.0  sometime 
prior  to  the  commencement  of  the  spawning  period. 

The  control  group  of  eight  females,  maintained  at  4  C 
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and  darkness  throughout  the  maturation  period ,  was  simul¬ 
taneously  exposed  to  identical  spawning  conditions,,  All  of 
these  crayfish  spawned  between  day  4  and  day  ?. 

Conclusions:  (1)  oocytes  will  not  undergo  cyclic  resorp¬ 
tion  and  proliferation  unless  there  is  long  photoperiod  in 
addition  to  high  temperature;  (2)  a  temperature  of  20  C  inter¬ 
feres  with  successful  ovarian  maturation;  (3)  this  experiment 
supports  findings  by  Lowe  ( 1 9 6 1 )  and  Suko  (1958)  on  other 
crayfish  species  which  suggest  that  a  period  of  cold  may  be 
necessary  to  final  maturation  of  the  ovary;  and  (4)  crayfish 
used  in  this  type  of  experiment  should  be  collected  in  early 
September  before  the  temperature  drops  below  10  C,  A  brief 
exposure  to  cold  may  have  been  the  cause  of  the  single  case 
of  spawning  observed  in  Bl. 

SERIES  D  Maturation  at  20  C  and  18L°6d 

Ten  females  collected  on  4  October  1965  were  maintained 
at  20  C  and  18L-6D  photoperiod,  with  the  light  phase  commencing 
at  0600  hr  and  ending  at  2400  hr.  As  in  Series  C,  these  animals 
were  provided  with  food. 

Three  females  died  and  two  others  molted  during  the  period 
between  4  October  1965  an<l  ^  March  1966.  None  of  the  seven 
surviving  animals  spawned  during  the  l4=day  period  commencing 
1  March  1966,  or  at  any  time  previous  to  that.  The  control 
group  of  eight  females  was  part  of  the  eight  that  served  as 
controls  for  Series  A  (four  month  maturation).  They  were  exposed 
to  spawning  conditions  on  1  March  1966,  and  all  spawned  between 
day  4  and  day  7  of  the  14-day  period. 

Conclusions:  (1)  successful  ovarian  maturation  cannot 
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occur  under  summer  conditions  5  (2)  ovarian  maturation  and 
spawning  is  neither  obligatory  nor  endogenous t  but  is  under 
the  control  of  environmental  conditions  ;  (3)  the  results  of 
this  and  the  previous  experiments  show  that  continuous  darkness 
is  necessary  for  sustained  growth  of  the  ovary,  and  a  period 
of  cold  temperature  is  required  for  ovarian  maturation  to 
terminate  in  egg  laying. 

SPAWNING  STIMULUS 

Results  from  the  ovarian  maturation  experiments  showed 
that  a  temperature  of  10  C  combined  with  a  photoperiod  of 
17  hours  would  trigger  egg  laying  if  the  ovary  had  matured 
for  a  sufficient  length  of  time  under  winter  conditions. 

However,  it  was  not  possible  to  determine  from  these  exper¬ 
iments  whether  temperature  rise  or  photoperiod  Increase  pro¬ 
vided  the  stimulus  for  egg  laying,  or  whether  the  two  acted 
synergistically.  For  this  reason  a  series  of  experiments  was 
designed  to  determines  (1)  whether  increasing  temperature  in 
the  absence  of  light  would  initiate  spawning?  (2)  whether 
increasing  photoperiod  in  the  absence  of  warmer  water  would 
initiate  spawning;  and  (3)  the  threshold  at  which  the  respon¬ 
sible  environmental  parameter  activates  the  egg  laying  response. 

Methods 

All  crayfish  used  were  mature  females  with  cement  glands 
in  stage  4,  collected  from  the  Beaver-Amisk  river  system 
between  25  September  and  5  October,  1964  and  1965*  Experimental 
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animals  were  maintained  under  winter  conditions  (in  the 
same  holding  tank  as  was  used  in  the  experiments  on  ovarian 
maturation)  for  five  to  six  months  before  exposure  to  spawning 
conditions o  Spawning  tanks  were  also  identical  to  those 
previously  described,  except  that  where  sensitive  temperature 
control  was  required  a  second  tank,  identical  to  the  holding 
tank  previously  described,  was  used*  None  of  the  animals  was 
fed.  Special  conditions  relating  to  each  experiment  are  des¬ 
cribed  in  the  following  sections. 

Results 

SERIES  E  Nature  of  the  spawning  stimulus 

El  Increasing  temperature,  continuous  darkness 

On  15  March  1965  ten  females  were  removed  from  the  holding 
tank  and  placed  in  light-tight  cabinets.  The  water  was  warmed 
slowly  to  20  C  and  maintained  at  that  temperature.  Transfer 
was  made  at  night  In  a  darkened  room  without  the  aid  of 
artificial  light.  The  cabinets  were  not  opened  for  14  days.  At 
the  end  of  the  14-day  period,  one  animal  was  dead  and  the 
remaining  nine  had  spawned. 

E2  Low  temperature,  long-day  conditions 

On  15  March  1965  ten  females  were  removed  from  the  holding 
tank  and  placed  in  a  second  tank  where  the  temperature  was 
continued  at  4  C,  while  the  photoperiod  was  set  at  17L-7D, 
commencing  at  0600  and  ending  at  2300  hr.  At  the  end  of  14 
days  none  of  the  ten  crayfish  had  spawned. 

A  control  group  of  ten  females  was  exposed  to  20  C  and 
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17L-7D  during  this  period.  All  ten  females  spawned  during 
the  l4~day  period. 

Conclusions s  (1)  egg  laying  is  under  the  control  of 
temperature ,  not  photoperiod?  (2)  the  stimulus  for  egg  laying 
in  the  spring  comes  from  the  increase  in  water  temperature 
rather  than  the  long-day  conditions  present  at  that  time. 

SERIES  F  Temperature  threshold 

Series  E  results  showed  that  the  spawning  stimulus  results  from 
the  rising  of  water  temperature.  Two  experiments  were  then 
designed  to  determine  the  exact  temperature  at  which  spawning 
occurs . 

Fl  Two  degree  increments 

On  1  April  1965  a  second  temperature  control  tank  was 
set  to  a  constant  10  i  0.1  C  with  a  17L-7D  photoperiod,  com- 
mencing  at  0600  and  ending  at  2300  hours.  Ten  females  were 
transferred  from  the  holding  tank  and  warmed  slowly  to  10  C. 

The  10  C  temperature  was  continued  for  seven  days  after  which 
it  was  increased  to  12  C  by  running  warmer  water  into  the  tank 
and  resetting  the  thermostat.  When  this  method  was  used  the 
new  experimental  temperature  was  always  reached  within  two 
hours  and  generally  within  one  hour. 

None  of  the  experimental  animals  spawned  after  seven 
days  at  10  C.  After  seven  days  at  12  C  two  were  dead  and  the 
remaining  eight  had  spawned. 

F2  One  degree  Increments 

On  1  March  1966  a  second  temperature  control  tank  was 
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set  to  a  constant  9»0  C  with  a  17L-7D  photoperiod  (0600-2300 
hours),  and  eight  females  were  transferred  from  the  holding 
tank.  The  temperature  was  increased  1.0  C  every  seven  days 
and  eight  additional  females  were  added  to  the  tank  each  time. 
Each  group  was  marked  by  placing  an  identifying  letter  on  the 
carapace  with  Carter vs  black  felt-tipped  pen.  Temperature 
tolerance  was  ±  0.1  C  at  each  setting. 


Table  III.  Spawning  success  under  various  combinations  of 
time  and  temperature. 


Group 

Conditions 

Total 

Days 

Number 

Ovigerous 

% 

Ovigerous 
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10 
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7 

0 
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11 

c 
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50 
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21 

6 

100 

7 

days 

@ 

11 

c 

7 

0 

0 

0 

7 

days 
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12 

c 

14 

6 

75 

7 

days 

@ 

12 

c 

7 

2 

25 

3 

days 

@ 

12 

c 

10 

8 

100 

Results  from  this  experiment  are  given  in  Table  III, 
and  from  this  the  following  should  be  noted. 

1.  Spawning  occurred  within  seven  days  only  in  water  of 

12  C. 

2.  One  hundred  per  cent  spawning  success  in  ten  days 
occurred  only  In  water  of  12  C. 

3.  In  a  14-day  period  spawning  success  was  100$  in  12  C, 
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75%  in  11“12  C,  50%  in  10-11  C,  and  zero  in  9-=10  C. 

4.  In  temperature  increasing  at  the  rate  of  one  degree  a 
week  from  9  to  12  C,  28  days  were  required  for  100$  spawning 
success.  In  a  constant  12  C  only  ten  days  were  required  for 
100$  success. 

5.  In  both  Group  A  and  Group  B,  spawning  success  was 
50$  after  seven  days  at  11C.  However*  Group  A  had  previously 
spent  seven  days  at  9  C  and  seven  days  at  10  C.  Group  B  had 
been  exposed  to  only  seven  days  at  10  C  prior  to  the  seven 
days  at  11  C.  Group  C  animals*  with  no  prior  exposure,  showed 
no  spawning  in  the  seven  days  spent  at  11  C.  Group  D*  with  no 
prior  exposure,  produced  2 5%  spawning  success  in  seven  days 
at  12  C. 

Conclusions s  (1)  as  the  temperature  is  increased  from 
9  to  12  C  there  is  a  corresponding  increase  in  the  probability 
that  spawning  will  occur  in  animals  with  fully  matured  oocytes; 
(2)  previous  exposure  to  a  temperature  of  10  C  Increases  the 
probability  of  spawning  when  the  animal  is  exposed  to  11  C 
and  reduces  the  time  required  for  egg  laying  to  occur;  (3) 
a  temperature  of  9  C  is  too  far  below  threshold  to  have  any 
enhancing  effect  upon  the  egg  laying  process;  and  (4)  the 
spawning  threshold  for  these  experimental  animals  (and  probably 
for  Orconectes  virilis  in  Alberta)  is  11  c. 
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DISCUSSION 

In  1952  Gwen  J.  Stephens  reported  that  egg  laying  may 
result  If  the  eyestalks  are  removed  from  female  Orconectes 
vlrllts  collected  between  September  and  January *  and  that  the 
incidence  of  egg  laying  Increases  as  winter  progresses.  These 
findings  take  on  particular  significance  In  view  of  the  fact 
that  temperature,,  not  light,  provides  the  stimulus  for  egg 
laying,,  for  it  strongly  suggests  that  the  effects  of  temperature 
are  mediated  through  the  eyes talk  neurohaemal  organs.  It  also 
raises  the  question  as  to  just  how  such  a  control  is  effected* 
a  question  which  calls  for  consideration  of  the  whole  area  of 
neuroendocrine  control  of  sexual  cycles  In  crayfish  and  related 
animals . 

Since  a  knowledge  of  previously  published  work  will  be 
essential  to  an  understanding  of  the  hypothesis  I  will  ultimately 
propose  for  the  environmental-neuroendocrine  control  of  the 
female  sexual  cycle  of  Orconectes  vlrills,  the  following  rather 
brief  review  Is  presented. 

There  is  now  no  doubt  as  to  the  Intimate  relationship 
between  the  neurohaemal  elements  of  the  crustacean  eyestalk 
and  the  sexual  cycle  of  these  animals.  Panouse  (19^3»  19^* 

19^6)  discovered  that  removal  of  the  sinus  glands  of  the  shrimp 
Leander  serratus  during  a  non-breeding  season  would  produce 
rapid  ovarian  growth  which  could  culminate  In  deposition  of 
apparently  normal  eggs.  This  stimulated  a  great  deal  of  work 
by  other  Investigators  with  the  result  that  the  neuroanatomy 
of  the  eyestalk  of  Orconectes  vlrills  and  many  other  crustaceans 
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is  well  known  (see  Figure  12),  Many  of  these  same  workers 
attempted  to  determine  the  function  of  these  various  neuro¬ 
secretory  structures,  and  much  of  this  work  has  been  drawn 
together  by  Carlisle  and  Knowles  (1959)  and  recently  reviewed 
by  Kurup  (1963)®  From  this  has  emerged  a  general  agreement 
that  the  sinus  gland  (a  storage  site  for  the  neurosecretions 
of  the  elements  of  the  medulla  terminalis)  liberates  an  Ovar¬ 
ian  Inhibiting  Hormone,  termed  OIH,  that  has  some  of  the  pro¬ 
perties  of  a  steroid  protein.,  Since  the  sinus  gland  is  found 
in  many  representatives  of  the  Crustacea  (Carlisle,  1959)  and 
has  repeatedly  been  implicated  in  reproductive  control,  it 
seems  logical  to  assume  a  certain  degree  of  similarity  in  the 
reproductive  processes  of  various  decapod  crustaceans., 

Gwen  J0  Stephens  (1952),  one  of  the  few  who  attempted 
to  integrate  all  aspects  of  the  endocrine  system  into  a  com¬ 
plete  picture  of  the  control  of  the  sexual  cycle,  assigned  an 
even  greater  role  to  the  sinus  glando  She  employed  three 
techniques  in  her  study  of  the  mechanisms  regulating  the  female 
reproductive  cycle  of  Orconectes  vlrllis s  (1)  eyestalk  ablation? 

(2)  implantation  of  "brain”  and  thoracic  cord  tissue?  and  (3) 
histological  examination  of  ovaries.  As  a  result  of  her  work 
she  concluded  that  the  female  cycle  is  under  the  control  of 
at  least  four  different  hormones,  two  of  which  are  liberated 
by  the  sinus  gland  and  two  others  which  originate  In  the 
supraesophageal  ganglion.,  Their  functions  are  summarized  in 
Table  IV  (next  page),, 

With  this  hypothesis  Stephens  was  then  able  to  explain 
seasonal  changes  in  the  reproductive  state  of  the  ovary  as  follows. 
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Table  IV.  The  origin  and  function  of  the  female  reproductive 


hormones  of  Orconectes  virilis  as  determined  by 

G.  J.  Stephens  (1952).* 

ORIGIN 

HORMONE 

CONTROL  AND  FUNCTION 

Sinus  Gland  OIH 

General  inhibition  of  ovarian  activity. 

Sinus  Gland  S 

Secretion  enhanced  by  darkness  and  inhib¬ 
ited  by  light.  Causes  the  conjugation 
of  WC-active  to  WC-conj  in  the  supra- 
esophageal  ganglion. 

Cerebral 

Ganglion 

WC-active 

Secretion  stimulated  by  long  photoperiod, 
-concentrates  pigments  of  the  white 
chromatophores  (hence  the  name,  WC- 
active  ) . 

-causes  proliferation  of  interstitial 
tissue  in  the  ovary. 

-causes  formation  of  new  oocytes. 

-causes  spawning  of  mature  eggs. 

-causes  yolk  resorption  and  destruction 
of  immature  oocytes. 

Cerebral 

Ganglion 

WC-conj 

Results  when  darkness  stimulates  secretion 
of  S,  which  conjugates  WC-active  to  the 
WC-conj  state. 

-causes  and  regulates  deposition  of  yolk 
in  the  oocytes. 

*  Referred  to  as  Cambarus  virilis  by  Stephens. 


In  the  spring  the  increasing  photoperiod  acts  through  the 
CNS  to  stimulate  production  of  WC-active  and  inhibit  further 
secretion  of  S.  The  rapidly  increasing  WC-active  titer  causes 
egg  laying  to  occur  if  the  ovary  is  sufficiently  mature  for 
spawnings  if  not  it  causes  yolk  resorption  and  destruction  of 
oocytes,  which  are  then  resorbed.  Long  photoperiods  In  the 
spring  and  early  summer  cause  continued  secretion  of  WC-active 
which  stimulates  formation  of  new  oocytes  and  proliferation  of 
interstitial  tissue.  Eventually  the  sinus  gland  overcomes  the 
inhibition  by  long  photoperiods  and  secretion  of  S  commences 
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again.  WC-active  is  conjugated  to  the  WC-conj  form  and  yolk 
deposition  commences.  By  the  time  the  sinus  glands  would 
normally  become  susceptible  to  reinhibition  by  long  photoperiod 
the  day  length  has  decreased  sufficiently  so  that  reinhibition 
does  not  occur.  Secretion  of  S  by  the  sinus  glands  continues 
and  yolk  deposition  and  ovarian  maturation  progress  throughout 
the  winter. 

In  her  experimental  work  Stephens  found  that  the  ovary 
undergoes  cyclic  proliferation  and  resorption  when  exposed  to 
long  photoperiod.  Series  B  in  this  study  showed  that  the  ovary 
undergoes  steady  growth  without  periodic  degeneration  in  low 
temperature.  This  is  also  supported  by  experiments  performed 
by  Lowe  (I96I)  on  Cambarellus  shufeldti.  She  found  that  ovaries 
exposed  to  13  hr  photoperiod  developed  differently  at  7  C  than 
they  did  at  30  C;  those  at  7  C  showed  proliferation  of  new 
oocytes  among  the  maturing  ones  whereas  those  at  30  C  underwent 
rapid  growth  followed  by  resorption  and  breakdown  of  the  ovary. 
Clearly  temperature  plays  some  part  not  explained  by  Stephens’ 
hypothesis . 

Stephens  also  reported  that  ovaries  of  females  kept  In 
darkness  at  room  temperature  developed  to  maturity  and  then 
remained  In  that  condition  (however  her  criterion  for  maturity 
was  maximum  size  and  not  readiness  to  spawn).  My  results  show 
that  the  same  is  true  of  females  kept  in  18  hr  photoperiod 
at  a  temperature  of  4  C.  From  this  it  would  appear  that  either 
darkness  or  cold  will  allow  constant  growth  of  the  ovary  with¬ 
out  periodic  degeneration.  However,  results  from  Series  C 
indicate  that  egg  laying  will  not  result  when  the  ovary  has 
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matured  in  darkness  unless  there  has  also  been  a  period  of 
cold.  According  to  Stephens*  hypothesis  only  darkness  is  needed 
to  ensure  complete  ovarian  maturation,, 

Suko  (1958)  subjected  Procambarus  clarkii  to  various 
photoperiods,  and  found  a  definite  tendency  toward  ovarian 
degeneration  in  females  kept  in  darkness  at  what  was  apparently 
room  temperature  (although  the  exact  temperature  was  not 
given).  Thus  the  available  evidence  indicates  that  normal  and 
complete  ovarian  maturation  requires,  above  all  else,  a  period 
of  cold  and  darkness,  and  that  for  Qrconectes  yirilis  in  Alberta 
that  period  is  on  the  order  of  four  months. 

At  this  point  it  becomes  necessary  to  return  to  the  sinus 
gland  hormone  S,  which  Stephens  postulated  was  under  the  control 
of  photoperiod.  If  there  is  such  a  substance  which  promotes 
oocyte  maturation  then  its  titer  must  be  regulated  by  temperature 
rather  than  light.  Stephens  assumed  that  decreasing  photoperiod 
in  the  fall  prevented  photic  reinhibition  of  the  sinus  gland 
S^factor.  Because  of  the  concomitance  of  decreasing  photoperiod 
and  decreasing  temperature  no  problem  is  encountered  when  tern- 
perature  is  assigned  the  role  of  regulating  the  secretion  of 
S. 

Stephens  also  hypothesized  that  rising  temperature  in 
the  spring  brought  the  females  from  their  burrows  to  encounter 
increasing  photoperiod,  which  inhibited  the  production  of  S 
and  stimulated  release  of  WC-active  to  initiate  egg  laying. 
However,  since  Series  £1  showed  that  this  spawning  stimulus 
comes  from  rising  temperature  rather  than  light,  then  it  must 
be  higher  temperature  that  inhibits  the  secretion  of  S  to  allow 
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WC-active  to  be  released.  This  meshes  nicely  with  the  hypothesis 
of  temperature  control  of  ovarian  maturation  advanced  in  the 
preceding  paragraph.  It  also  fits  in  with  the  conclusions  of 
several  authors  who  have  reported  that  female  crayfish  (of 
several  different  species  )  do  not  vacate  their  winter  hiber- 
nacula  until  after  the  eggs  are  laid.  Such  reports  are  incon¬ 
sistent  with  an  hypothesis  requiring  exposure  to  long  photo¬ 
period  as  a  spawning  stimulus,  but  if  the  control  is  temper¬ 
ature  rather  than  light,  no  such  problem  exists. 

The  principal  objection  to  Gwen  Stephens*  hypothesis  is 
that  it  requires  the  existence  of  a  sinus  gland  hormone  (S) 
for  which  there  is  as  yet  no  direct  evidence.  The  principal 
evidence  suggesting  the  existence  of  this  hormone  appears  to 
be  McVay’s  (19^2)  discovery  that  "brain"  extracts  of  males  and 
females  without  eggs  have  a  different  effect  upon  white  chromat- 
ophores  than  do  extracts  of  "brains 81  from  females  with  mature 
ovaries.  The  implication  is  that  there  is  some  substance  present 
in  the  ovary-maturing  female  that  alters  the  normal  state  of 
the  white  chromatophore-concentrating  hormone  from  the  central 
nervous  system.  Since  increasing  cold  and  darkness  normally 
accompany  ovarian  maturation  it  would  seem  logical  that  the 
substance  responsible  for  alteration  of  McVay’s  cerebral  ganglion 
hormone  would  be  under  the  control  of  photoperiod  and/or 
temperature. 

In  1956  Aoto  and  Nishida  observed  that  the  circumorbital 
gland  in  the  eyes talk  (not  around  the  orbit)  of  Pandalus  showed 
cyclic  histological  changes  correlated  with  ovarian  development, 
and  postulated  that  it  secreted  a  hormone  which  was  stimulatory 
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to  the  ovary  and  antagonistic  to  the  eyestalk  Ovarian  Inhib¬ 
iting  Hormone.  This  was  essentially  a  bihormonal  hypothesis. 
Although  the  circumorbital  gland  is  not  part  of  the  central 
nervous  system,  there  is  evidence  to  indicate  that  in  many 
decapods  there  is  some  substance  originating  in  CNS  tissue 
which  has  much  the  same  role  in  reproductive  physiology. 

Matsumoto  (1958)  showed  that  the  secretory  cells  of  the  thoracic 
ganglion  of  several  species  of  crabs  show  increased  secretory 
activity  which  is  correlated  with  ovarian  growth.  5tsu  (1964) 
reported  that  implants  of  adult  thoracic  ganglion  into  mature 
freshwater  shrimp  (Potamon  dehaani)  produced  a  marked  ovarian 
growth  even  during  a  sexually  quiescent  season.  G.  J.  Stephens 
(1952)  found  that  implants  of  supraesophageal  ganglion  and 
connectives  into  eyestalkless  female  Orconectes  vlrills  in 
early  fall  resulted  in  an  increase  in  the  rate  of  yolk  resorption 
from  immature  ovaries.  Thus  there  appears  to  be  ample  evidence 
among  the  decapods  to  permit  the  assumption  that  the  central 
nervous  system  shows  cyclic  activity  correlated  with  ovarian 
development,  and  that  this  activity  may  be  of  a  nature  which 
is  antagonistic  to  the  inhibiting  hormone  from  the  X-organ- 
sinus  gland  complex. 

As  a  result  of  observations  mentioned  above,  Otsu  (1964) 
postulated  a  bihormonal  control  of  the  sexual  cycle  of  the 
freshwater  prawn,  Potamon.  He  suggested  that  "seasonal  inter¬ 
ruption"  of  the  synthesis  or  release  of  OIH  allowed  the  thoracic 
ganglion  hormone  to  predominate  and  stimulate  ovarian  growth. 

The  question  now  arises;  can  such  a  simple  system  be  applied 
to  Orconectes  virilis? 
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In  such  a  system  the  well  established  ovarian  inhibiting 
hormone  (OIH)  from  the  X- organ- sinus  gland  complex  would  be 
opposed  by  an  ovarian  stimulating  hormone*  hereafter  referred 
to  as  OSH,  from  secretory  cells  of  the  central  nervous  system, 

G.  J.  Stephens*  (1952)  observation  that  in  0.  virilis  CNS  tissue 
implants  produced  increased  yolk  resorption  is  taken  as  evidence 
that  a  reproductively  active  substance  does  exist  in  the  CNS 
tissue  of  this  animal.  While  it  may  appear  to  be  paradoxical 
that  an  ovarian  stimulating  hormone  should  cause  the  resorption 
of  oocyte  yolk,  this  situation  can  and  will  be  explained. 

Sinus  gland  secretion  of  OIH  would  be  cyclic  and  under  the 
influence  of  temperature.  Under  warm  water  conditions  (>10  C) 

OIH  secretion  commences,  reaching  a  peak  titer  at  temperatures 
20  C  or  higher.  However,  the  sinus  gland  becomes  refractory 
to  this  stimulation  and  secretion  drops  off,  eventually  to 
recover  and  commence  secretion  again.  Release  of  the  ovarian 
stimulating  hormone  by  the  central  nervous  system  is  relatively 
constant,  but  is  accelerated  by  darkness  and  retarded  by  long 
photoperiods . 

The  eyestalk  ovarian  inhibiting  hormone  Is  responsible 
for  general  ovarian  inhibition  at  lower  blood  titers.  The 
central  nervous  system  ovarian  stimulating  hormone  promotes 
oocyte  proliferation  and  ovarian  maturation.  Its  influence  Is 
counterbalanced  by  OIH.  At  high  concentrations  (and  with  a 
correspondingly  low  OIH  titer)  it  will  initiate  spawning  in 
ovaries  that  have  matured  sufficiently,  or  yolk  resorption  in 
immature  ovaries.  Completion  of  yolk  withdrawal  is,  however, 
still  dependent  upon  the  influence  of  OIH 


■ 


66 


A  typical  annual  cycle  for  this  hypothetical  system  is 
shown  in  Figure  13  (page  68) .  Throughout  the  winter  the  ovary 
is  undergoing  continuous  maturation  under  the  influence  of 
increasing  blood  titer  of  OSH  and  a  corresponding  depression 
of  OIH  secretion.  By  early  February  the  ovary  has  matured 
sufficiently  to  allow  spawning  to  occur  if  the  temperature 
should  rise  above  11  C.  Since  the  temperature  remains  below 
this  threshold,  the  titer  of  OSH  gradually  increases  and  that 
of  OIH  decreases  with  the  result  that  the  latent  period  between 
spawning  stimulus  and  egg  laying  decreases  as  winter  progresses. 
Data  from  these  experiments  indicate  that  OIH  influence  is  at 
a  minimum  after  six  months  of  winter  conditions.  Toward  the 
middle  of  May  the  water  temperature  begins  to  rise  and  OIH 
secretion  commences.  Spawning  is  triggered  by  the  high  OSH  titer 
when  the  temperature  approaches  10-11  C,  and  subsequent  exposure 
to  long  photoperiod  causes  the  OSH  titer  to  be  depressed.  The 
OIH  titer  increases  rapidly  to  a  peak  In  late  June  -  early 
July,  the  eyestalk  neurosecretory  organs  become  refractory  to 
further  stimulation,  and  OIH  titer  begins  to  fall.  When  it 
drops  below  the  point  of  neutrality  (that  Is,  the  point  at 
which  the  Influence  of  OIH  and  OSH  are  equal)  the  effect  of 
OSH  comes  to  bear  and  oocyte  proliferation  commences.  This 
process  gains  momentum  in  late  August  as  OIH  titer  continues 
to  drop.  By  mid-September  the  X-organ-slnus  gland  complex 
recovers  from  refractoriness  and  recommences  secretion  of 
OIH.  By  this  time  the  water  temperature  has  commenced  a  steady 
decline  (generally  down  to  15  C  in  the  Beaver  River)  and  begins 
to  inhibit  synthesis  or  release  of  OIH.  Rapidly  declining  day 
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Figure  12.  Dorsal  and  ventral  view  of  the  neurosecretory- 
structures  of  the  right  eyestalk  of  Orconectes 
vlrllis. 

A  -  dorsal  view;  B  -  ventral  view.  El  through  E 5 
indicate  regions  in  which  neurosecretory  cells  are 
found.  SGs  sinus  gland;  SGTs  sinus  gland  tract; 

XSTs  X-organ-sinus  gland  tract;  BSTs  brain-sinus 
gland  tract;  LGs  lamina  ganglionaris ;  MEs  medulla 
externa;  Mis  medulla  interna;  MTs  medulla  termlnalls; 
OLPs  optic  lobe  peduncle.  (Redrawn  after  Bliss, 
Durand,  and  Welsh,  1954). 
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Figure  13.  Hypothetical  seasonal  changes  in  secretion  of 
Ovarian  Stimulating  Hormone  and  Ovarian  Inhib¬ 
iting  Hormone. 

In  this  figure  OSH  secretion  is  relatively  con¬ 
stant  but  is  enhanced  by  darkness  and  suppressed 
by  long  day  conditions.  OIH  secretion  is  temper¬ 
ature  regulated,  reaching  maximum  levels  In  warm 
water  and  being  inhibited  by  cold  conditions. 
Changes  in  ovarian  size  are  represented  by  the 
hatched  area,  and  the  sudden  decrease  in  late 
May  Is  due  to  egg  laying. 
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Figure  14.  Hypothetical  changes  in  secretion  of  OIH  and  OSH 

under  conditions  of  long  photoperiod  and  warm  water. 

Under  these  conditions  the  secretion  of  OSH  is 
suppressed  somewhat  by  long  photoperiods,  and  the 
warm  water  stimulates  maximum  secretion  of  OIH 
which  periodically  becomes  refractory  to  stimu¬ 
lation.  Relative  changes  in  ovarian  size  are  shown 
in  the  hatched  area. 


Figure  15*  Hypothetical  changes  In  OIH  and  OSH  under  con¬ 
ditions  of  darkness  and  warm  water. 

OSH  secretion  is  at  a  maximum  level  but  the 
cyclic  nature  of  OIH  secretion  prevents  sustained 
ovarian  maturation. 


Figure  16.  Hypothetical  changes  in  OSH  and  OIH  levels  under 
conditions  of  cold  water  and  long  photoperiod. 

Although  secretion  of  OIH  is  inhibited  by  the  cold 
conditions,  long  photoperiods  prevent  OSH  secretion 
from  reaching  a  level  sufficient  to  permit  complete 
maturation  of  the  ovary. 
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length  promotes  accelerated  secretion  of  OSH  and  ovarian 
maturation  progresses  throughout  the  winter. 

Through  the  work  of  G.  J.  Stephens  (1952)  and  many 
others,  considerable  information  has  been  accumulated  regarding 
environmental  influence,  effects  of  Implants  and  ablations, 
and  general  reproductive  physiology  as  regards  Crustacea  in 
general  and  Orconectes  vlrllis  in  particular.  From  this  liter¬ 
ature  a  list  of  pertinent  facts  has  been  accumulated  which,  it 
is  felt,  establish  the  guidelines  for  any  new  hypothesis  of 
neuroendocrine  control  of  the  sexual  cycle.  These  facts  are 
listed  below  and  each  is  followed  by  an  explanation  within 
the  framework  of  the  bihormonal  hypothesis  described  above 
and  depicted  in  Figure  13, 

1,  The  ovary  shows  cyclical  activity  in  long  photoperiod 

and  warm  water  (Lowe,  I96I5  Stephens,  1952)  with  a  period 
of  about  two  months  between  identical  stages  of  develop¬ 
ment  (Stephens,  1952), 

Under  these  conditions  secretion  of  OIH  by  the  X-organ- 
sinus  gland  complex  would  be  at  maximum  for  about  a  month,  and 
would  then  become  refractory  to  this  stimulation.  At  this  point 
oocyte  proliferation  would  commence  under  the  influence  of 
OSH,  Within  a  month  the  sinus  gland  would  recover,  OIH  secre¬ 
tion  would  commence,  and  yolk  resorption  and  oocyte  destruction 
would  occur.  These  conditions  would  recur  as  long  as  the 
environmental  conditions  remained  unchanged.  In  Figure  14 
this  situation  is  graphically  represented.  The  titer  of  OSH 
is  depressed  somewhat  by  the  long-day  conditions  but  still 
remains  sufficiently  high  to  stimulate  oocyte  proliferation 
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when  OIH  level  drops. 

2.  Egg  laying  probability  increases  progressively  through¬ 
out  the  winter  (G.  J.  Stephens,  1952?  and  this  study) 

By  early  February  the  stimulatory  effect  of  OSH  dominates 
the  inhibitory  influence  of  OIH  sufficiently  to  exert  a  marked 
effect  on  the  ovary,  i.e.,  to  initiate  either  egg  laying  or 
yolk  resorption.  Previous  to  this  time  the  OIH  titer  was  still 
sufficiently  high  to  prevent  this  response.  The  OIH  titer 
continues  to  drop  lower  and  OSH  becomes  even  more  dominant, 
with  the  result  that  as  winter  progresses  the  stimulus¬ 
spawning  latent  period  decreases. 

3.  Removal  of  the  eyes talks  causes  either  spawning  or 
yolk  resorption,  depending  on  the  degree  of  maturation 
of  the  ovary  (G.  J.  Stephens,  1952). 

Removal  of  the  eyestalks  eliminates  the  source  of 
OIH,  Increasing  the  influence  of  OSH  which  forces  the  ovary 
to  respond.  If  maturity  sufficient  to  permit  spawning  has 
not  been  attained  the  alternative  is  the  commencement  of 
yolk  resorption. 

4.  Eyes talk  removal  causes  yolk  resorption  in  immature 
ovaries,  but  the  process  is  never  completed  as  in  the 
unoperated  animals  (G.  J.  Stephens,  1952). 

For  reasons  just  mentioned,  the  stimulus  delivered  to 
the  ovary  by  OSH  unopposed  by  OIH  is  sufficient  to  initiate 
either  egg  laying  or  yolk  resorption.  In  immature  ovaries  the 
result  of  this  stimulus  is  yolk  resorption  but  the  completion 
of  the  process  is  dependent  upon  the  presence  of  OIH.  In  warm 
water  and  long  photoperiod  OIH  secretion  is  cyclic  and  so  is 
the  ovary,  which  periodically  grows  at  a  rapid  rate  and  is 


bvnotSamm  enoaB©*  •xo'i 


72 


then  is  broken  down  and  resorbed. 

5.  The  sinus  gland  is  essential  to  complete  oocyte  matur¬ 
ation  after  the  end  of  September  (G.  J.  Stephens,  1952) 

The  work  of  Passano  ( 1951a, b,  1952,  1953)  and  Bliss  and 
Welsh  (1952)  produced  evidence,  later  substantiated  by  Carlisle 
(1953c)  that  showed  that  the  sinus  gland  was  merely  a  storage 
site  for  secretions  of  the  neurosecretory  elements  of  the 
medulla  terminalis  (the  X-organ).  Thus  when  Stephens  spoke  of 
the  sinus  gland  being  essential  to  complete  oocyte  maturation 
she  was  actually  referring  to  the  true  secretory  elements  of 
the  medulla  terminalis  and  not  to  the  sinus  gland  per  se. 

Since  eyestalk  ablation  removed  the  medulla  terminalis  as  well 
as  the  sinus  gland  she  had  no  way  of  knowing  that  the  sinus 
gland  was  not  the  true  secretory  structure.  The  point  is  that 
she  did  remove  the  source  of  OIH,  and  in  so  doing  she  removed 
the  hormone  that  counterbalances  the  stimulatory  effect  of 
OSH  and  allows  continued  oocyte  proliferation  and  maturation. 

If  the  moderating  effect  of  OIH  is  removed  while  the  water 
temperature  is  still  above  10  C,  OSH  will  force  either  spawning 
or  yolk  resorption.  Once  the  temperature  has  dropped  below 
approximately  10  C  maturation  is  able  to  continue  in  the 
absence  of  OIH  since  spawning  Is  blocked  by  low  temperature. 

6.  The  latent  period  between  spawning  stimulus  and  egg 
laying  decreases  with  increased  maturation  (G.  J.  Stephens, 
1952?  this  study). 

As  winter  progresses  the  secretion  of  OIH  Is  further 
depressed  by  low  temperature,  and  the  differential  between 
this  inhibitory  influence  and  the  stimulatory  effect  of  OSH 
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is  increased.  The  greater  stimulus  delivered  by  OSH  under  these 
conditions  results  in  a  shorter  stimulus-response  reaction 
time.  Maximum  difference  is  reached  by  early  April*  when  the 
latent  period  is  as  short  as  three  days. 

7.  The  stimulus  for  spawning  is  temperature  above  threshold, 
not  photoperiod  (this  study). 

When  the  water  warms  in  the  spring  OIH  titer  is  very 
low  and  OSH  titer  high.  When  the  temperature  rises  above  10-12  C 
the  effect  of  OSH  la  expressed  and  spawning  occurs  before  OIH 
secretion,  stimulated  by  warming  temperature,  can  increase 
sufficiently  to  become  inhibitory  (apparently  about  14  days). 

8.  Implants  of  cerebral  ganglion  and  connectives  into 
eyestalkless  females  in  early  fall  seem  to  bring  about 
resorption  of  yolk  even  faster  than  eyes talk  removal 
alone  (Stephens,  1952). 

Since  eyestalk  removal  eliminates  the  moderating  influ¬ 
ence  of  OIH,  the  normal  response  would  be  for  OSH  to  initiate 
yolk  resorption  in  the  immature  ovary.  Implantation  of  addit¬ 
ional  tissue  from  the  central  nervous  system  further  raises 
the  level  of  OSH  present,  accelerating  yolk  resorption. 

9.  Occasionally  crayfish  exposed  to  warm  water  before  ovarian 
maturation  is  complete  will  neither  spawn  nor  resorb  the 
oocytes,  but  will  continue  maturation  until  spawning 
occurs  spontaneously  in  early  February  (this  study). 

Since  this  situation  occurred  in  only  one  of  20  exper¬ 
imental  animals  it  is  presumed  that  this  is  an  abnormal 
situation,  and  that  the  eyestalk  organs  of  this  animal  failed 
to  exhibit  the  normal  response  to  the  increase  in  water  temp¬ 
erature.  Yolk  resorption  was  observed  to  occur  in  all  the  other 
survivors  of  these  experiments  (2  and  2-§  months  of  maturation). 
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10,  Ovaries  of  Orconectes  virilis  will  successfully  mature 
in  darkness  and  cold,  and  will  reach  maximum  size  with” 
out  degenerating  in  either  long  photoperiod  and  cold,  or 
warm  water  and  continuous  darkness*  However,  egg  laying 
will  not  normally  occur  when  ovarian  maturation  has 
taken  place  under  either  of  these  latter  two  conditions 
(this  study). 

Under  conditions  of  darkness  and  cold  temperature,  OSH 
titer  is  elevated  sufficiently  to  stimulate  yolk  deposition 
and  final  maturation  of  the  oocytes.  In  darkness  and  warm 
water  the  OIH  titer  continues  to  cycle  Instead  of  being  steadily 
depressed,  as  Is  the  case  in  cold  water.  Even  though  darkness 
permits  elevation  of  the  OSH  titer  to  a  level  that  stimulates 
yolk  deposition,  the  cyclic  production  of  OIH  either  causes 
cessation  of  yolk  deposition  or  resorption  of  yolk  that  has 
already  been  deposited.  As  previously  stated,  the  period  of 
the  OIH  cycle  is  about  two  months,  which  is  insufficient  time 
to  permit  maturation  to  progress  to  the  point  where  egg  laying 
can  occur  (see  Figure  15*  page  69).  When  the  animal  is  exposed 
to  long  photoperiod  and  cold  water  a  different  situation 
develops  (see  Figure  16).  Under  these  conditions  OIH  secretion 
is  inhibited  by  cold  and  declines  steadily.  However  the  long 
photoperiod  prevents  OSH  titer  from  rising  to  a  level  where 
yolk  deposition  will  occur.  The  difference  between  the  levels 
of  OSH  and  OIH  Is  adequate  to  permit  oocyte  proliferation  and 
a  gradual  increase  in  size  of  the  ovary,  but  since  final  matur¬ 
ation  does  not  occur,  spawning  does  not  result  when  the  temp¬ 
erature  is  raised. 

11.  Cave  crayfish  develop  mature  ovaries  and  spawn  In  dark¬ 
ness  In  an  environment  where  the  temperature  variation 
does  not  exceed  one  degree  Celsius  (Jegla,  1966), 
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It  might  be  argued  that  since  the  cave  environment  can 
not  be  compared  to  anything  In  the  epigean  situation,  neither 
can  the  mechanisms  involved  In  cycle  regulation  be  safely 
compared.  However,  since  the  reproductive  cycles  of  female 
Orconectes  pellucidus  inermls  in  the  Indiana  cave  studied  by 
Jegla  are  remarkably  well  synchronized  with  those  of  epigean 
crayfish  in  the  area  it  would  seem  that  both  the  environmental 
synchronizer  and  the  hormonal  effectors  must  be  similar.  Jegla 
(1965)  studied  the  eyes talk  of  this  cave  crayfish  and  found 
that  although  there  were  some  modifications  in  the  optic  elements 
and  ganglia  In  the  eyes talk,  the  sinus  gland  was  present  and 
the  neurosecretory  cell  groups  on  the  surface  of  the  medulla 
terminalis  were  in  approximately  the  same  positions  as  they  are 
in  normal-eyed  crayfish.  Jegla  (1966)  was  of  the  opinion  that 
some  factor  in  the  annual  spring  flood  acted  as  the  spawning 
stimulus  (change  in  water  level,  current,  turbidity).  He 
mentioned  that  the  annual  temperature  variation  is  on  the  order 
of  one  degree  Celsius,  from  a  low  of  12.2  C  in  December  to 
a  high  of  13.2  C  in  August,  and  dismisses  It  on  the  grounds 
that  the  variation  is  too  small  to  function  as  a  synchronizer. 
However,  it  should  be  mentioned  that  to  this  animal  1.0  C  rep¬ 
resents  the  total  span  of  temperature  experienced  in  a  year, 
equal  to  the  change  from  0  C  to  22  C  experienced  by  Orconectes 
virllls  in  the  Beaver  River.  Day  to  day  variations,  and 
variations  within  a  day,  are  also  relative  in  the  two  situations. 
Thus  it  would  seem  that  a  change  of  as  little  as  0.5  C  would 
be,  to  this  cave  crayfish,  as  great  a  change  as  0  to  11  C 
would  be  to  Its  epigean  counterpart.  It  would  also  seem  that 


. 
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the  temperature  change  during  a  severe  spring  flood,  which 
Jegla  (1966)  mentions  as  being  the  most  effective  in  synchro¬ 
nizing  spring  egg  laying,  would  be  at  least  0.5  C  and  probably 
much  more.  For  this  reason  it  may  reasonably  be  suggested 
that  the  environmental  factor  regulating  the  reproductive  cycle 
in  this  cavernicolous  animal  is  temperature,  and  that  the 
physiological  mechanics  are  essentially  the  same  as  those 
presented  in  Figure  13*  with  the  exception  that  control  of  OSH 
level  would  either  be  endogenous  or  temperature  dependent. 

From  the  preceding  it  can  be  seen  that  a  bihormonal 
system  that  is  principally  temperature-regulated  can  control 
the  female  sexual  cycle  of  Orconectes  vlrilis .  Although  there 
is  no  problem  encountered  in  modifying  G.  J.  Stephens*  ( 1952 ) 
hypothesis  to  incorporate  the  new  data  arising  from  this  study, 
I  prefer  the  bihormonal  hypothesis  described  above  for  two 
reasons;  (1)  this  hypothesis  adequately  explains  both  natural 
and  experimentally  induced  changes  in  the  reproductive  state; 
and  (2)  it  does  so  with  hormones  whose  existence  has  been 
demonstrated  by  endocrinological  and  histological  techniques. 

None  of  this  is  meant  to  imply  that  a  bihormonal  system 
provides  the  only  explanation,  or  that  OSH  and  OIH  are  the  only 
hormones  involved  in  control  of  the  sexual  cycle  of  0.  virilis . 
There  appears  to  be  adequate  evidence  to  support  the  existence 
of  several  other  hormones  among  the  decapods  and  there  is  no 
question  but  what  it  would  be  possible,  with  little  effort, 
to  construct  a  polyhormonal  system  that  would  function  within 
the  limits  of  the  experimental  evidence.  As  has  already  been 
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mentioned,,  Stephens’  ( 1 9 52 )  hypothesis ,  suitably  modified, 
provides  a  workable  explanation.  The  bihormonal  hypothesis 
is  proposed  as  an  alternative  because  it  is  an  equally 
functional  hypothesis  requiring  still  fewer  hormones. 

Conclusions 

The  experimental  results  obtained  in  Series  A  through 
F  may  be  summarized  as  follows. 

1.  A  period  of  exposure  to  cold  water  (below  10  C)  is 
essential  to  successful  maturation  of  the  ovary.  Successful 
maturation  is  defined  as  that  condition  in  which  viable  eggs 
will  be  released  when  the  animal  is  exposed  to  spawning 
conditions . 

2.  About  four  months  of  exposure  to  cold  and  darkness 
is  required  for  successful  maturation.  Exposure  beyond  this 
point  confers  upon  the  animal  a  greater  readiness  to  spawn, 
such  that  the  latent  period  between  stimulus  and  spawning 
decreases  with  increasing  exposure.  Maximum  response  is  obtained 
after  approximately  six  months  of  maturation. 

3.  Proper  maturation  may  occasionally  occur  in  either 
cold  water  and  long  light,  or  warm  water  and  darkness,  but 
neither  condition  is  comparable  to  the  natural  state  of  com¬ 
bined  cold  and  darkness. 

4.  The  stimulus  that  triggers  egg  laying  is  not  light 

in  any  of  its  forms,  but  warmer  water  following  a  winter  period 
of  cold. 

5*  The  threshold  temperature  for  spawning  in  the  Beaver 


River  is  11.0  C 
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Consideration  of  these  findings  along  with  the  results 
obtained  by  other  workers  suggests  the  following  general  hypo- 
thesis  of  endocrine  and  environmental  control,, 

lo  The  reproductive  cycle  is  under  a  bihormonal  control, 
the  ovarian  inhibiting  hormone  from  the  X- organ- sinus  gland 
complex  being  opposed  by  the  ovarian  stimulating  hormone  from 
the  thoracic  ganglion* 

2.  The  ovarian  inhibiting  hormone  is  influenced  princi¬ 
pally  by  temperature.  Warmer  temperatures  cause  peak  production 
of  OIH,  but  the  eyestalk  organs  become  periodically  refractory 
to  this  stimulus  such  that  the  OIH  cycle  has  a  period  of  about 
two  months.  Cold  water  (below  10  C)  progressively  inhibits  OIH 
secretion. 

3.  The  secretion  of  ovarian  stimulating  hormone  does 

not  vary  to  the  degree  that  secretion  of  OIH  does,  but  secretion 
is  accelerated  by  darkness  and  retarded  by  long  photoperiod. 

In  the  normal  situation  OSH  titer  is  highest  in  winter  and 
early  spring,  and  lowest  in  the  early  summer. 

4.  The  ovarian  inhibiting  hormone  is  responsible  for 
exerting  a  general  inhibitory  influence  on  the  ovary,  and  for 
successful  and  complete  resorption  of  yolk  from  oocytes. 

5.  The  ovarian  stimulating  hormone  provides  the  stimulus 
for  spawning  in  the  spring  if  the  ovary  is  mature;  if  not  it 
causes  the  other  alternative  which  is  initiation  of  yolk  resorp¬ 
tion  and  ovarian  degeneration.  In  the  late  summer  it  provides 
the  stimulus  for  oocyte  proliferation  and  ovarian  growth,  and 

in  the  fall  and  early  winter  it  stimulates  yolk  deposition 
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and  final  maturation.  Yolk  deposition  proceeds  at  higher  OSH 
levels  under  the  moderating  influence  of  OIH.  This  latter 
fact  is  important  because  without  this  moderating  influence 
the  higher  OSH  levels  provide  excessive  stimulus  to  the  ovary 
and  this  results  in  either  egg  laying  or  oocyte  degeneration 
and  yolk  resorption. 
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REGULATION  OF  MOLTING 

Review  of  the  Literature 

Most  of  the  modern  concepts  of  the  molting  cycle  and 
its  control  stem  from  the  work  of  Drach  ( 1936a, b,  1939*  1944, 
1949)»  Lafon  (1948),  Panouse  (1946),  and  Renaud  (1949).  The 
older  literature  dealing  with  molt-control  physiology  was 
summarized  by  Hanstrom  (1939)  and  reviewed  by  Kleinholz  (1942), 
Brown  (1944),  and  Panouse  (1947).  Knowles  and  Carlisle  (1956) 
and  Carlisle  and  Knowles  (1959)  combined  to  review  and  summarize 
most  of  the  work  done  on  crustacean  endocrinology ,  and  Passano 
(1960a)  brought  all  of  the  previous  work  together  In  one 
comprehensive  treatment  of  the  physiology  of  molting  and  its 
control. 

In  the  crayfish  Orconectes  vlrilis  no  molting  occurs  in 
darkness,  and  long  light  periods  In  the  spring  appear  to  stim- 
ulate  the  spring  molt  (Stephens,  1955)*  Thus  light  appears  to 
enter  into  control  of  the  molt  cycle.  Temperature  is  also 
important  in  that  It  can  influence  both  molting  itself  and  the 
molt-control  process  (Passano,  1960a).  Jeffries  (1964)  concluded 
that  rising  temperature  was  the  stimulus  for  molt  in  the  prawn 
Palaemonetes  varians,  and  Jegla  (1966)  found  that  molting  in 

0— — — — i n»  ii  — C— — ’  n«n  n  i  n  in  -n,,...  i 

the  cave  crayfish  Orconectes  pellucldus  was  synchronized  in 
an  environment  notable  for  its  apparent  lack  of  synchronizing 
stimuli.  He  suggested  that  some  factor  (other  than  temperature 
rise)  associated  with  the  annual  spring  flood  acted  as  a  syn¬ 
chronizer.  Temperature  may  also  act  to  inhibit  the  molt  if  it 
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is  either  too  high  or  too  low,  and  other  factors  such  as 
starvation  can  also  interfere  with  molting  (Costlow  and  Bookhout, 
1953,  1957;  Roberts,  1957). 

The  crustacean  molt  cycle  appears  to  be  regulated  by 
at  least  two  hormones  and  possibly  more  (Passano,  1960a),  and 
there  are  at  least  two  and  perhaps  as  many  as  five  sites  of 
synthesis  and  release  of  hormones  which  are  active  in  the 
control  of  molting.  Gabe  (1953,  1956)  was  the  first  to  show  that 
the  Y-organs  are  characteristic  features  of  malacostracans , 
closely  resemble  the  prothoracic  glands  of  hemimetabolous 
insects,  and  show  cyclic  secretory  activity  correlated  with 
molting.  The  activity  of  the  Y-organs  appears  to  be  restricted 
to  the  period  before  proecdysis  because  bilateral  extirpation 
at  this  time  will  permanently  halt  the  molt  cycle,  whereas 
extirpation  of  the  Y-organs  after  the  onset  of  proecdysis  does 
not  interfere  with  successful  completion  of  the  molt  (Echalier, 
1954). 

The  X-organ  (also  termed  the  medulla  terminalis  ganglionic 
X-organ,  abbreviated  MTGX;  or  pars  ganglionaris  X-organi)  is 
a  group  of  neurosecretory  cells  located  on  the  medulla  terminalis 
of  the  eyestalk  (see  Figure  12,  page  67).  Previous  work  had 
implicated  the  sinus  gland  as  the  site  of  synthesis  of  a  molt 
inhibiting  hormone  but  Bliss  (1951)  and  Passano  (1951a)  found 
that  axons  lead  from  the  X-organ  to  the  sinus  gland.  This  was 
interpreted  as  meaning  that  a  molt  inhibiting  hormone  is  formed 
in  the  X-organ  cell  bodies  and  transported  along  the  axons  to 
the  sinus  gland  for  storage  and  subsequent  release  (Bliss,  1951, 
1953;  Passano,  1951a, b,  1953).  Kurup  (1963)  found  that  in  the 
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anomuran  Petrolls thes  the  site  of  the  molt  inhibiting  hormone 
appeared  to  be  within  specialized  neurosecretory  cell  bodies* 
which  he  termed  Z-organs*  located  in  the  eyestalk.  Whatever  the 
location,,  the  principal  function  of  the  molt  Inhibiting  hormone 
seems  to  be  the  inhibition  of  the  Y-organ  (Passano*  1960a)o 

In  addition  to  the  X-organ*  Y-organ*  and  Z~organ*  the 
sensory  papilla  X^organ  (Hanstrom*  1939)  and  cells  of  the  central 
nervous  system  have  been  implicated  in  molting  physiology. 
Extracts  of  supraesophageal  and  thoracic  ganglia  accelerate  the 
molt  in  some  crustaceans  (Carlisle*  1953b)  but  Implants  of 
fresh  ganglia  inhibit  molt  Initiation  in  Orconectes  (Stephens, 
i951)o  Other  experiments  have  failed  to  support  an  hypothesis 
of  endocrine  function  of  the  supraesophageal  ganglion  (Echalier* 
1958*  cited  by  Passano*  1960a);  however  Mobberly  (I963)  recently 
found  that  in  addition  to  the  molt  inhibiting  hormone  in  the 
eyestalk*  there  was  both  a  molt  inhibiting  and  molt  accelerating 
factor  present  in  the  supraesophageal  ganglia  and  connectives 
of  the  crayfish  Faxonella  clypeata. 

Vernet  (I963)  suggested  that  growth  and  molt  were  not 
under  the  control  of  the  same  hormone*  and  this  was  supported 
by  the  findings  of  Passano  and  Jyssum  (1963)®  who  determined 
that  growth  In  Sesarmla  consists  of  two  phases?  one  which  is 
independent  of  Y-organ  molting  hormone*  and  a  second  which  Is 
molting  hormone  dependent.  Molting*  ovarian  development*  and 
color  change  also  appear  to  be  regulated  by  separate  hormones 
(Cheung*  1966). 

The  question  of  environmental  Influence  on  various 
hormones  has  not  been  adequately  examined.  Most  of  the  work 
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done  to  date  has  suggested  a  controlling  influence  for  either 
light  or  temperature,  although  such  things  as  humidity  and 
tension  contact  have  also  been  implicated  (Bliss ,  1958) . 

Recently  Jegla  (1965)  reported  that  in  Orconectes  pellucidus 
the  latent  period  between  eyestalk  ablation  and  molt  is  greater 
in  November  than  it  is  in  September,  and  since  spring  is  appar¬ 
ently  the  only  period  when  environmental  synchronizers  are 
available  to  this  cavernicolous  animal,  there  is  a  suggestion 
of  a  possible  endogenous  rhythm  associated  with  either  or  both 
of  the  principal  molting  hormones. 

This  review  has  presented  but  a  small  part  of  the  con¬ 
siderable  volume  of  literature  dealing  with  molting  physiology. 
For  a  good  review  of  crustacean  hormones  the  reader  is  referred 
to  Carlisle  and  Knowles  (1959)»  and  Kurup  (1963)0  For  a  compre¬ 
hensive  treatment  of  all  aspects  of  the  physiology  of  molting 
and  its  control,  as  well  as  an  elucidation  of  much  of  the 
literature  mentioned  above,  Passano  (1960a)  is  recommended. 

The  Molt  Cycle 

In  1939  Drach  proposed  a  system  of  classification  of 
the  molt  cycle  of  Brachyura  which,  with  several  modifications, 
is  still  widely  used  today.  Although  this  classification 
system  was  designed  for  the  Brachyura  (true  crabs)  It  can  be 
effectively  used  for  staging  crayfish.  This  system  is  presented, 
in  abbreviated  form  and  with  appropriate  modifications,  in  Table 
V,  and  will  be  referred  to  throughout  this  paper, 

Drach  (1939)  divided  Stage  E  (ecdysis)  into  a  passive  phase, 
during  which  there  is  a  rapid  uptake  of  water,  and  an  active 
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Table  V.  Classification  of  the  decapod  intermolt  cycle  with 

special  reference  to  the  macruran  Orconectes  vlrllis* 


PERIOD 

STAGE 

DORSAL 

CARAPACE 

FEEDING 

ACTIVITY 

OTHER 

FEATURES 

Stage 

A 

Ai 

Very  soft 

None 

Rapid  water  uptake 

a2 

Parchment-like 

Slight 

Calcification  begins 

POST 

MOLT 

Stage 

B 

Bl 

Depresses  with 

Some 

Calcification  continues 

pressure 

b2 

Firm  but  yields 

Some 

Tissue  growth  commences 

to  pressure 

Stage 

C 

ci 

Hard 

Maximum 

Tissue  growth  continues 

INTER- 

C2 

Hard 

Maximum 

MOLT 

c3 

Hard 

Maximum 

Exoskeleton  complete , 

membranous  layer  Is 
formed. 

c4 

Hard 

Maximum 

Major  accumulation  of 

organic  reserves. 

Stage 

D 

Do 

Very  hard 

Maximum 

Gastrolith  formation 

commences . 

Dl 

Very  hard 

Maximum 

Epithelium  separates 

from  old  cuticle. 

PRE- 

d2 

Hard 

Reduced 

New  exoskeletal  layers 

MOLT 

Thinning 

None 

formed. 

Major  part  of  skeletal 

d3 

resorption;  gastrolith 

(Pro- 

formation  accelerates. 

ecdysis ) 

d4 

Easily  broken 

None 

Epimeral  sutures  soft, 

increased  hydrostatic 
pressure;  general 

Immobility. 

MOLT 

E 

Withdrawal  from  exuvium 

*Data  obtained  from  Passano  (1960a)  modified  from  Drach  (1939)  5 
also  from  Kurup  (1963)  modified  from  Drach  (1939)  and  Scheer 
(1960a). 
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phase  during  which  the  animal  withdraws  from  the  exuvium. 

Since  ecdysis  is  a  relatively  rapid  process  which  is  difficult 
to  observe,  stage  E  has  not  been  subdivided  as  have  stages 
A-D.  However,  observations  made  during  the  course  of  this  study 
have  indicated  that  in  the  crayfish  there  are  four  distinct 
steps  to  the  process  of  withdrawal  from  the  exuvium,  and  since 
reference  will  be  made  to  these  sub-stages  they  are  outlined 
in  Table  VI. 


Table  VI *  Classification  of  the  molt  (stage  E)  of  Orconectes 
vlrllis  (Hagen). 


PERIOD  STAGE 


CHARACTERISTICS 


Stage  E 

Thoraco-abdominal  inters egmental  membrane 
bulges  outward;  epimeral  sutures  are 
broken  and  the  carapace  is  lifted  clear 
of  the  bases  of  the  legs* 

Carapace  is  broken  free  from  thorax  and 
thrown  forward;  cephalic  appendages 
are  withdrawn* 

Ej  Abdomen  is  withdrawn  from  the  exuvium* 

E^  Walking  appendages  are  withdrawn;  molt 

is  complete* 


Si 

MOLT 


Procedure 

During  the  period  from  September  1963  to  March  1967 
(3^  years),  fifteen  experiments  were  conducted  in  an  attempt 
to  determine  the  environmental  factor  or  factors  involved  in 
initiation  and  regulation  of  the  molting  cycle  of  Orconectes 
vlrllis  in  Alberta.  0.  vlrllis  is  an  aggressive  animal 
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(Bovbjerg,  1953 »  1961)  and  since  studies  have  shown  that 
molting  and  growth  in  decapods  can  be  inhibited  by  such 
things  as  lack  of  a  protective  burrow  (Bliss,  1956)  it  was  felt 
that  reliable  results  could  be  obtained  only  if  the  experimental 
conditions  could  be  made  to  simulate  natural  conditions  as 
nearly  as  possible*  It  was  considered  absolutely  essential  that 
forced  tension  contacts  between  experimental  animals  be  held  to 
a  minimum,  and  to  do  this  it  was  necessary  to  provide  exper¬ 
imental  tanks  that  offered  at  least  as  many  places  of  seclusion 
as  there  were  animals  to  occupy  them.  Information  obtained  from 
an  exploratory  experiment  led  to  the  selection  of  an  arbitrary 

maximum  density  of  1.0  cm  of  crayfish  carapace  length  per 
2 

100  cm  area  in  the  molting  tanks. 

There  are  two  ways  in  which  experiments  of  this  type  can 
be  conducted.  The  first  (and  preferred)  method  is  to  match 
each  experimental  group  with  a  control  group  that  will  in  some 
manner  show  whether  the  experimental  results  are  the  effect  of 
the  conditions  being  tested  or  are  due  to  some  other  variable. 
The  alternative  method  is  to  conduct  a  series  of  experiments 
and  then  validate  them  by  replication.  In  the  experiments 
reported  below  both  methods  have  been  used.  Because  of  the  small 
numbers  of  experimental  animals  that  could  be  exposed  to  each 
set  of  environmental  conditions  It  was  deemed  unwise  in  many 
cases  to  reduce  the  experimental  groups  still  further  by  incor¬ 
porating  a  control  group.  At  other  times  it  was  not  possible 
to  determine  just  what  a  control  group  should  consist  of 5  that 
is,  when  the  effects  of  the  environment  are  completely  unknown, 
all  environmental  situations  are,  in  a  sense,  experimental. 
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Under  these  conditions  the  experimental  results  were  validated 
by  replication. 

The  fifteen  experiments  reported  below  have  been  divided 
into  two  major  categories?  Preliminary  and  Definitive.  The 
first  ten  experiments  have  been  designated  Preliminary  Exper¬ 
iments  and  they  represent  and  attempt  to  gain  some  insight 
into  the  effects  that  quantitative  and  qualitative  environmental 
factors  have  on  the  molt.  The  final  five  experiments  make  up 
the  section  designated  as  Definitive  Experiments.  These  were 
designed  on  the  basis  of  results  obtained  from  the  preliminary 
experiments,  and  represent  an  attempt  to  define  the  precise 
way  in  which  a  particular  environmental  parameter  affects  the 
molt  cycle. 

A  brief  "comments”  section  will  be  included  at  the  end 
of  each  of  the  preliminary  experiments  for  the  purpose  of 
pointing  out  obvious  facts  for  future  reference,  but  there 
will  be  no  section  devoted  to  discussion  of  the  results  of 
these  experiments.  All  discussion  will  be  reserved  for  the 
section  on  Definitive  Experiments. 

No  special  light  or  temperature  control  equipment  was 
available  for  experiments  1  and  2,  but  commencing  with  experiment 
3  the  equipment  used  was  that  which  was  previously  described 
in  conjunction  with  the  spawning  experiments  (page  41)  and 
which  Is  shown  in  Figure  11.  In  addition  to  this  equipment 
a  second  unit  of  four  tanks  was  available.  This  unit  was  Iden¬ 
tical  to  those  previously  described  except  that  the  water 
recirculation  system  was  not  provided  with  cooling  coils  and 
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as  a  result  the  temperature  could  not  be  controlled  to  the 
same  degree.  This  unit  was  equipped  with  a  thermostat  and 
heating  unit  that  prevented  the  temperature  from  falling  below 
20  C.  The  upper  limit  was  dependent  upon  the  ambient  temper¬ 
ature,  and  was  never  observed  to  exceed  22  C  when  experiments 
were  in  progress. 

Experimental  animals  were  provided  with  algae  once  each 
week,  and  fed  meat  dogfood  individually  each  day  according  to 
demand.  In  order  to  determine  whether  molting  had  occurred  each 
experimental  animal  was  marked  by  placing  an  identifying  letter 
or  number  on  either  the  right  or  left  side  of  the  carapace 
with  a  black  Carter* s  Marks-A-Lot  felt-tipped  waterproof  marking 
pen. 

Since  winter  conditions  in  Alberta  make  periodic  collection 
of  experimental  animals  impossible  it  was  necessary  to  collect 
large  numbers  in  late  summer  and  fall  for  use  throughout  the 
winter.  These  animals  were  held  in  a  large  light-tight  tank 
(provided  with  suitable  bottom  cover)  at  a  temperature  of  4  C 
in  darkness.  Crayfish  used  in  experiments  1-4  were  put  into 
experimental  conditions  at  the  time  of  collection  (September- 
October),  but  starting  with  Experiment  5  an  attempt  was  made 
to  standardize  the  history  of  different  experimental  groups. 

All  crayfish  (with  one  or  two  exceptions)  were  exposed  to  at 
least  one  month  of  cold  and  darkness  before  being  used  in  an 
experiment,  and  none  was  used  that  had  been  in  these  conditions 
longer  than  six  months  (slightly  less  than  the  winter  period 
in  Alberta).  Constant  conditions  (e.g.  darkness)  and  temperatures 
close  to  0  C  have  been  reported  to  stop  the  cycle  of  a  biological 
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clock  (Bunning,  I960),  thus  it  was  assumed  that  this  practice 
would  help  to  standardize  results  if  molting  was  in  some  way- 
associated  with  an  endogenous  rhythm.  This  proved  to  be  an 
erroneous  assumption  but  there  was  no  way  of  knowning  this  at 
the  time  the  experimental  procedure  was  designed. 

The  crayfish  used  in  the  molting  experiments  were  all 
juveniles  of  both  sexes  ranging  in  carapace  length  from  14.0 
to  20.0  mm  (the  smallest  mature  male  seen  in  field  collections 
was  24.5  nun;  the  smallest  female  was  22.4  mm.  In  the  laboratory 
one  male  molted  to  maturity  at  21.8  mm  and  a  female  reached 
maturity  at  19.2  mm).  The  reasons  for  using  only  juvenile 
crayfish  were  discussed  in  the  Introduction.  Special  procedures 
relating  to  individual  experiments  are  mentioned  where  applicable. 


PRELIMINARY  EXPERIMENTS 


EXPERIMENT  1  Molting  in  Uncontrolled  Photoperiod 

On  10  September  1963  ten  juveniles  ranging  in  carapace 
length  from  15.0-20.0  mm  were  collected  in  the  Amisk  River 
and  transferred  to  two  15  x  30  x  33  cm  white  plastic  tanks, 
five  animals  to  a  tank.  The  experimental  photoperiod  was  uncon¬ 
trolled,  being  determined  in  the  morning  by  increasing  day¬ 
light  and  in  the  evening  by  occupancy  of  the  room.  As  a  general 
rule  it  ranged  from  15  hr  for  the  first  20  days,  to  1 hr  for 
the  remainder  of  the  experiment.  Six  days  a  week  there  was  a 
3.ight  break  during  the  dark  period  which  lasted  from  30  minutes 
to  three  hours  while  the  janitorial  staff  was  at  work.  Water 
temperature  in  the  tanks  was  regulated  by  room  temperature  at 


90 


21  ±  2  C. 

Results 

1 

Molting  commenced  exactly  30  days  from  the  start  of  the 
experiment.  All  10  animals  molted  within  an  11  day  period.  Mean 
from  start  of  the  experiment  to  the  onset  of  first  molt  was 
37.0  days.  A  second  molting  period  commenced  25  days  after  the 

i. 

first.  Minimum  time  between  first  and  second  molt  was  21  days; 
maximum  time  was  37  days.  Mean  from  first  to  second  molt  was 
27.7  days.  A  third  molting  period  commenced  90  days  from  the 
start  of  the  experiment,  however  only  six  animals  participated. 
Only  one  animal  molted  four  times.  Data  from  this  experiment 
are  summarized  in  Table  VII. 


Table  VII.  Molting  results  for  September-collected  crayfish 
exposed  to  variable  long-day  photoperiod. 


Cray¬ 

fish 

No. 

» - 

0-lst 

Molt 

DAYS  BETWEEN  MOLTS ■ 

lst-2nd  2nd-3rd 

Molt  Molt 

- , 

3rd-4th 

Molt 

x/molt 

1 

37 

23  (60) 

31  (9D 

_ 

30.03 

2 

39 

21  (60) 

61  (121) 

- 

40.03 

3 

30 

26  (56) 

23  (79) 

32  (111) 

27. 80 

4 

41 

24  (65) 

52  (117) 

- 

39.00 

5 

40 

25  (65) 

69 

- 

32.50 

6 

35 

30  (65) 

36  (101) 

=> 

33.70 

7 

37 

36  (73) 

<3D 

- 

36.50 

8 

39 

30  (69) 

- 

- 

34.50 

9 

37 

37  (74) 

C9 

37.00 

10 

35 

25  (60) 

30  (90) 

GB 

30.00 

Mean 

37.0 

27.7 

390 

Numbers  in  parentheses  indicate  total  days  from  start  of 
experiment. 
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EXPERIMENT  2  Molting  in  Uncontrolled  Photoperiod,  (continued) 
Fifteen  crayfish  were  collected  at  the  Amisk  River  on 
24  November  1963  and  placed  in  three  tanks  in  the  laboratory. 
Conditions  for  two  of  the  tanks  remained  identical  to  those 
in  the  previous  experiment,  but  the  temperature  in  the  third 
tank  was  slightly  lower  (19  -  3  C).  Light  intensity  and  quality 
was  essentially  the  same  for  all  three  tanks.  The  laboratory 
photoperiod  varied  from  1 6  to  19  hours  daily  (depending  upon 
how  the  light  break  in  the  dark  period  affected  the  total)  from 
time  of  collection  to  mid-December,  at  which  time  it  was 
sharply  reduced  to  about  8  to  10  hours  a  day.  These  short- 
day  conditions  continued  until  about  the  seventh  of  January, 
after  which  the  photoperiod  increased  to  about  13  to  16 
hours  daily. 


Results 

Three  crayfish  died  without  completing  the  first  molt. 
Twelve  crayfish  completed  one  molt  successfully,  ten  molted 
twice,  and  only  four  molted  a  third  time.  None  of  the 
experimental  animals  attempted  a  fourth  molt  (the  experiment 
was  discontinued  after  150  days).  Molting  results  are  sum¬ 
marized  in  Table  VIII,  and  a  comparison  of  molting  results 
between  Experiment  1  and  Experiment  2  is  given  in  Table  IX. 

Comments 

It  is  apparent  that  there  is  a  difference  between  the 
molting  patterns  in  Experiment  1  and  Experiment  2,  especially 
in  the  latter  stages.  Conditions  appear  to  be  ideal  for  the 
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initial  melt  in  Experiment  2  but  the  extended  intermolt  times 
for  subsequent  molts  and  the  low  percentage  of  participating 
animals  indicate  that  conditions  became  less  favorable  in 


Table  VIII*  Molting  results  for  November-collected  crayfish 

exposed  to  variable  photoperiod. 


Cray¬ 

fish 

No. 

0-ls  t 

Molt 

lst-2nd 

Molt 

2nd-3rd 

Molt 

x/molt 

1 

30 

38  (68) 

34.00 

2 

34 

50  (84) 

CSJ 

42.00 

3 

30 

k?  (77) 

— 

38.50 

4 

32 

41  (73) 

— 

36.50 

5 

34 

40  (74) 

— 

37.00 

6 

2? 

29  (56) 

65  (121) 

40.40 

7 

27 

31  (58) 

54  (112) 

37.30 

8 

28 

27  (55) 

61  (116) 

38.70 

9 

35 

33  (68) 

43  (111) 

37.01 

10 

36 

=» 

— 

11 

37 

— 

m=» 

— 

12 

46* 

74*(120) 

- 

- 

Mean 

31.9 

37.** 

56.5 

*Not 

Included 

in  the  mean  due 

to  obvious  variance. 

Table  IX. 

Comparison  of 
in  Experiment 

molting  frequency  of 
1  and  Experiment  2 

crayfish 

Mean  Days 
0-lst  Molt 

Mean  Days 
lst-2nd  Molt 

Mean  Days 
2nd-3rd  Molt 

Experiment 

1 

37.0 

27.7 

39.3 

Experiment 

2 

31.9 

37.4 

56.5 

late  December  and  early  January.  It  is  also  interesting  that 
the  only  animal  which  completed  four  molts  in  Experiment  1 
underwent  the  third  molt  on  28  November,  three  days  after  the 
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start  of  Experiment  2.  This  one  crayfish  was  exposed  to  the 
same  conditions  for  its  fourth  molt  as  were  those  in  Exper¬ 
iment  2  for  their  first  molt.  It  is  noteworthy  that  the  onset 
of  unfavorable  conditions,  as  inferred  from  experimental  results, 
corresponds  exactly  to  that  period  when  the  light  ration  was 
reduced  to  8-10  hours  daily.  The  field  data  have  shown  that 
molting  occurs  during  increasing,  decreasing,  and  relatively 
stable  photoperiod  and  temperature,  and  results  from  experiments 
1  and  2  have  shown  that  changing  temperature  is  not  required 
for  successive  molts.  From  this  it  appears  that  the  difference 
in  molting  between  Experiment  1  and  Experiment  2  must  be  due 
either  to  some  endogenous  hormonal  rhythm  or  to  the  fact  that 
the  photoperiod  was  reduced  below  a  threshold  value. 

EXPERIMENT  3  Influence  of  Temperature 

The  20  experimental  and  20  control  crayfish  used  in  this 
experiment  were  collected  IQ  October  1964  and  put  into  exper¬ 
imental  conditions  immediately.  Commencing  with  this  experiment 
the  light  and  temperature  control  equipment  previously  described 
was  utilized. 

Results  from  the  first  two  experiments  had  indicated  that 
crayfish  would  molt  approximately  every  30  days  when  exposed 
to  long-day  conditions  and  warm  water.  To  determine  the  effect 
of  lower  temperature  on  the  probability  of  molt,  20  crayfish 
with  carapace  lengths  ranging  from  14-20  mm  were  exposed  to 
20L-4D  at  a  water  temperature  of  15  -  0.1  C.  Twenty  additional 
control  animals  were  exposed  to  20L-4D  at  20  C.  The  20  hr 
photoperiod  was  selected  to  ensure  a  light  period  of  sufficient 
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length  since  it  was  not  possible  to  determine  how  the  light- 
break  in  the  dark  period  affected  the  total  light  ration 
received  by  the  crayfish  in  the  first  two  experiments. 

Results 

The  experiment  was  terminated  after  90  days.  Among  the 
experimental  animals  there  was  only  one  molt,  on  day  69.  All 
20  of  the  control  animals  completed  a  molt  between  day  27  and 
day  36  and  the  control  group  was  discontinued  at  this  point. 

EXPERIMENT  4  Influence  of  Photoperiod 

This  experiment  ran  concurrently  with  Experiment  3  and 
utilized  the  same  control  group.  Twenty  crayfish  collected  on 
19  October  were  put  into  the  molting  tanks  and  the  time 
clocks  were  adjusted  to  give  a  10L-14D  photoperiod.  Water 
temperature  was  held  at  20  C. 

Results 

The  experimental  animals  were  observed  for  90  days  and  in 
this  period  there  were  no  molts.  As  noted  previously,  in  the 
control  group  at  the  same  temperature  but  with  a  20L-4D  photo¬ 
period  there  was  100$  molting  success  within  36  days. 

Comments 

The  molting  response  from  the  control  group  at  20L-4D 
(20  C)  is  comparable  to  that  observed  in  experiments  1  and  2. 
There  was  negligible  molting  in  the  same  photoperiod  at  a 
temperature  of  15  C,  and  no  molting  at  20  C  in  the  relatively 
short  10L-14D  photoperiod.  These  results  provide  conclusive 
evidence  that  the  duration  of  the  photoperiod  is  important  in 
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the  regulation  of  the  molt*  and  that  a  temperature  of  15  C 
is  low  enough  to  block  or  severely  retard  molting  in  most 
experimental  animals.  This  is  in  line  with  Kyer's  (1942)  con¬ 
clusion  that  gastrolith  formation  is  greatly  reduced  in  tem¬ 
peratures  at  or  below  15  C. 

EXPERIMENT  5  Effect  of  Changing  Photoperiod 

Experiment  4  showed  that  duration  of  the  photoperiod  was 
important  but  gave  no  indication  of  what  the  molting  result 
would  be  if  the  photoperiod  was  either  increasing  or  decreasing. 
Twenty  crayfish  collected  19  October  1964  were  put  in  a  holding 
tank  at  4  C  and  constant  darkness  for  40  days.  At  the  end  of 
this  period  they  were  removed  and  divided  into  two  groups  of 
10  crayfish  each.  One  group  (A)  was  exposed  to  27  days  of 
10L-14D,  followed  by  16  weeks  during  which  the  photoperiod  was 
increased  by  7§  minutes  every  other  day.  Once  the  photoperiod 
reached  17L-7D  it  remained  constant  at  that  level  for  21  days. 
The  second  group  (B)  was  exposed  to  27  days  at  17L-70  followed 
by  16  weeks  during  which  the  photoperiod  decreased  by  7§ 
minutes  every  other  day  to  a  minimum  of  10L-14D,  where  it 
remained  until  the  end  of  the  experiment.  All  photoperiod 
changes  were  made  alternately  at  the  evening  and  morning  end 
of  the  day,  and  the  temperature  throughout  the  experiment 
varied  from  a  low  of  20  C  to  a  high  of  22  C. 

Results 

Results  from  Experiment  5  are  summarized  in  Table  X. 
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Table  X,  Molting  results  for  crayfish  exposed  to  a  photo 
period  that  changes  at  the  rate  of  7i  minutes 
every  two  days. 


EXPERIMENT 

5A 

(Increasing  Photoperiod) 

Days  From 

Days  From 

Approx. 

Pp* 

Number 

Start  of 

Start  of 

at  Time 

of 

Molting 

Experiment 

Changing  Pp* 

Molt 

1 

120 

93 

15:52 

1 

136 

109 

17  2  00 

2 

155 

128 

17  : 00 

4 

158 

131 

17:00 

2 

160 

133 

17:00 

EXPERIMENT 

5B 

(Decreasing  Photoperiod) 

4 

45 

18 

14s45 

1 

46 

19 

14  s  35 

2 

4  7 

20 

14  230 

2 

48 

21 

14 ;  30 

1 

51 

24 

14s  15 

■“•Abbreviation  for  photoperiod « 


Comments 

lo  There  is  a  marked  difference  between  time-to-molt 
for  groups  A  and  B.  This  can  be  taken  as  evidence  that  long 
photoperiod  is  more  conducive  to  molt  than  is  short  photoperiod . 

2,  Most  molting  in  5A  occurred  when  the  photoperiod  was 
17L-7Do  One  crayfish  molted  when  the  photoperiod  was  about 
16L-8D.  Since  proecdysis  has  been  reported  to  take  about  16 
days  in  this  species  (Scudamore,  1947)  it  would  mean  that 
proecdysis  was  initiated  when  the  photoperiod  was  about  154  hr. 

3.  The  tlme-to-molt  for  crayfish  in  5B  is  noticeably 
longer  than  was  found  in  experiments  1-4.  This  may  be  due  to 
the  fact  that  the  photoperiod  is  decreasing  (an  inhibitory 
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effect  of  decreasing  photoperiod)  or  to  the  fact  that  the 
duration  of  the  experimental  photoperiod  is  shorter  (1?  hr) 
than  in  previous  experiments  (about  20  hr).  This  latter 
possibility  implies  that  time-to-molt  would  decrease  as  the 
photoperiod  is  Increased.  The  former  possibility  is  contra¬ 
dictory  to  the  suggestion  made  previously  that  there  may  be 
some  enhancing  effect  of  declining  photoperiod.  Since  these 
crayfish  spent  27  days  at  17L-7D  prior  to  exposure  to  decreasing 
photoperiod  it  is  unlikely  that  any  Inhibitory  influence  of 
decreasing  photoperiod  would  have  such  a  marked  effect  that 
late  in  proecdysis.  The  alternative  conclusion  Is  that  the 
onset  of  proecdysis  was  delayed.  An  explanation  for  this  is 
not  readily  apparent  at  this  point. 

4.  No  meaningful  conclusions  concerning  the  influence 
of  changing  photoperiod  can  be  drawn  from  this  experiment. 

EXPERIMENT  6  Effect  of  Changing  Photoperiod  (continued) 

Forty  crayfish  collected  on  20  October  1965  and-  held 
for  eight  days  at  4  C  in  constant  darkness  were  divided  into 
four  groups  and  exposed  to  the  following  conditions. 

6a.  Ten  crayfish.  The  initial  photoperiod  of  10L-14D 
was  increased  at  the  rate  of  7^  minutes  each  day  to  a  maximum 
of  17  hours.  The  increase  was  added  to  the  night  end  of  the 
cycle. 

6B.  Identical  to  6a  except  that  the  increase  was  added 
to  the  morning  end  of  the  cycle. 

6C.  Ten  crayfish.  The  initial  photoperiod  of  17L-7N  was 
decreased  at  the  rate  of  7^  minutes  each  day  to  a  minimum  of 
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10  hours.  The  decrease  was  subtracted  from  the  night  end  of 
the  cycle . 

6d.  Identical  to  6c  except  that  the  decrease  was  sub¬ 
tracted  from  the  morning  end  of  the  cycle . 

Temperature  throughout  the  experiment  ( 58  days )  was 
maintained  at  20  C.  The  results  from  this  experiment  are  sum¬ 
marized  in  Table  XI  along  with  those  from  Experiment 

EXPERIMENT  7  Effect  of  Erratic,  Changing  Photoperiod 

Twenty  crayfish,  collected  on  20  October  1965  and  held 
for  eight  days  at  4  C  and  constant  darkness,  were  divided  into 
two  groups  and  exposed  to  the  following  conditions. 

7 A o  Ten  crayfish.  The  initial  photoperiod  of  10L-14D 

was  increased  to  17L-7D  over  a  56-day  period.  The  rate  of 
change  was  erratic  and  varied  from  -60  to  +60  minutes. 

7B.  Ten  crayfish.  The  initial  photoperiod  of  17L-7D 
was  decreased  to  10L-14D  over  a  56-day  period.  The  rate  of 
change  was  identical  to  that  in  7A. 

Changes  in  the  photoperiod  were  applied  in  a  haphazard 
fashion  to  either  or  both  ends  of  the  cycle.  Temperaure  through¬ 
out  the  experiment  varied  from  20  to  22  C,  Results  from  this 
experiment  are  summarized  in  Table  XI  (next  page)  along  with 
those  from  Experiment  6. 


Comments 

The  results  from  experiments  6  and  7  indicate  that  there 
is  no  difference  in  the  effect  of  increasing  or  decreasing 
photoperiod,  and  that  neither  condition  is  as  conducive  to 
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molt  as  is  long,  unchanging  photoperiod.  The  difference  is  most 
apparent  when  the  results  obtained  in  this  experiment  are  com¬ 
pared  to  those  from  Experiment  5«  In  5B  the  experimental  animals 
were  collected  20  October,  held  44  days  in  cold  and  darkness, 
and  then  exposed  to  27  days  of  17L-7D  followed  by  a  16  week  period 
of  decrease  at  the  rate  of  7§  minutes  every  two  days.  Under  these 
conditions  molting  success  was  100^  and  occurred  between  day  45 
and  day  51*  Contrast  these  results  with  those  from  experiments 
6C  and  D.  These  animals  were  collected  on  20  October  and  held 
for  only  eight  days  in  cold  and  darkness,  then  were  exposed  to 
17L-7D  photoperiod  that  began  decreasing  immediately  at  the  rate 
of  15  minutes  every  two  days.  Under  these  conditons  there  were 


Table  XI.  Comparative  molting  results  for  crayfish  exposed 
to  uniformly  changing  photoperiod  as  opposed  to 
erratically  changing  photoperiod. 


Experiment  Molts 

Mortality 

Stage* 

Ei  E2  Ej 

Mortality 
Period 
Exper,  Days 

Non-molting 

Survivors 

6a  ( incr.  P.M. ) 

0 

3 

0 

0 

53-55 

7 

6B  (Incr.  A.M.) 

0 

3 

0 

0 

47-49 

7 

7A  (Incr.  Errat) 

0 

1 

0 

0 

35 

9 

Total  Incr.  Pp 

0 

7 

0 

0 

23 

6C  ( Deer.  P.M. ) 

0 

4 

0 

0 

45-55 

6 

6D  (Deer.  A.M.) 

0 

4 

1 

0 

32-53 

5 

7B  (Deer.  Errat) 

0 

0 

2 

0 

31-56 

8 

Total  Deer,  Pp 

0 

8 

3 

0 

19 

^Mortality  stages  Ej_ , 

E2* 

and  E3 

are 

explained  In 

Table  VI. 

. 
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no  successful  molts  but  nearly  5 0 %  attempted  a  molt  between 
day  32  and  day  53 »  and  all  died  in  stage  E^  or  E2<>  Since  both 
groups  were  collected  at  the  same  time  of  year  it  must  be 
concluded  that  the  different  molting  response  is  due  to  one 
or  all  of  the  three  differences  between  these  two  experiments, 
which  are; 

(1)  length  of  time  held  in  conditons  of  cold  and  darkness 
after  collection  (44  days  in  Experiment  5*  only  8  days  in 
Experiment  6); 

(2)  length  of  time  spent  at  17L-7E  prior  to  commencement 
of  decreasing  photoperiod  (27  days  in  Experiment  5»  only  one 
day  in  Experiment  6);  and 

(3)  rate  of  decrease  in  photoperiod  (15  minutes  every 
four  days  in  Experiment  5#  15  minutes  every  two  days  in  Exper¬ 
iment  6). 

If  the  explanation  is  (1)  above  it  means  that  a  period 
of  cold  and  darkness  either  enhances  the  molting  response, 
or  in  some  way  reduces  the  length  of  photoperiod  required  to 
initiate  a  molting  response,  The  difference  in  molting  can 
not  be  due  simply  to  elapsed  time  (as  in  the  case  of  an  endogen¬ 
ous  rhythm)  because  excellent  results  have  been  obtained  for 
September  and  October  crayfish  in  previous  experiments.  If  the 
explanation  is  (2)  above  it  could  mean  that  duration  of  photo¬ 
period  is  important  and  that  17L-7D  is  close  to  the  threshold 
for  molt  initiation,  or  that  decreasing  photoperiod  exerts  a 
marked  inhibitory  effect.  If  the  explanation  is  (3)  it  would 
be  conclusive  evidence  that  decreasing  photoperiod  exerts  an 
inhibitive  effect  and  that  this  effect  is  heightened  as  the 
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rate  of  decrease  becomes  greater.  As  has  been  previously 
mentioned,  this  possibility  is  contraindicated  by  the  field 
da  ta  a 

EXPERIMENT  8  Effect  of  Cycling  Photoperiod 

Thirty  crayfish  collected  20  October  1965  were  stored 
for  55  days  at  4  C  and  darkness  and  then  divided  into  three 
groups  and  exposed  to  photoperiod  schedules  that  changed  by 
one  hour  each  day.  In  a  five  day  period  group  A  was  exposed  to 
photoperiods  of  17 »  18,  19,  18,  and  17  hours,  and  the  cycle 
was  then  repeated.  Group  B  was  exposed  to  an  initial  photoperiod 
of  15  hours,  and  group  C  to  an  initial  photoperiod  of  13  hours. 
In  a  one  week  period  under  the  photoperiod  schedule  for  8C 
the  experimental  animals  would  experience  two  days  of  13L-11D, 
two  days  of  15L-9D»  and  three  days  of  14L-10D.  If  threshold 
photoperiod  did  happen  to  be  important  in  molt  initiation,  and 
if  the  threshold  was  close  to  14  hours,  the  two  days  a  week 
of  subthreshold  photoperiod  might  result  in  a  different  molting 
response  than  would  be  obtained  from  the  other  two  groups. 

Results 

Table  XII.  Comparison  of  molting  results  for  crayfish  exposed 
to  three  different  lengths  of  cyclic  photoperiod. 


Experiment 


Molt-Mortality  Non-Molt 

Ei  E2  E3  E4  Mortality  Survivors 


0  3  4  1  2  0 


0 


8  2  0  0 


0 


0 


8A  (17^19  hr) 
8B  (15^=17  hr) 
8C  (13— 15  hr) 


2  0  0  0 


0 


8 


* 
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Comments 

It  is  immediately  apparent  that  conditions  in  this 
experiment  are  not  conducive  to  successful  molting.  The  initial 
impression  would  be  that  this  is  due  to  the  unnatural  situa¬ 
tion  of  a  cyclic  photoperiod,  although,  as  was  pointed  out 
in  an  earlier  section,  selenium  cell  recordings  indicate  that 
the  day  to  day  photoperiod  in  the  natural  environment  is 
quite  variable,  especially  at  lower  intensities.  The  other 
alternative  is  to  assume  that  the  photoperiods  used  were  still 
below  threshold,  although  those  crayfish  in  group  8a  exper¬ 
ienced  photoperiods  as  long  as  or  longer  than  did  the  cray¬ 
fish  in  Experiment  5B  where  all  experimental  animals  molted 
successfully. 

Both  17^5^19  hr  and  15^^17  hr  photoperiods  induced  a 
molt  but  those  under  17^^19  hr  came  closer  to  a  successful 
molt  than  did  those  in  15^^=17  hr  photoperiod.  This  again 
suggests  the  influence  of  a  threshold  and  this  is  further 
reinforced  by  the  fact  that  80$  of  those  in  13=^=15  hr  did 
not  attempt  a  molt,  and  the  20$  that  did  were  unable  to  proceed 
beyond  stage  .  If  a  threshold  photoperiod  exists  then  it 
must  be  somewhat  greater  than  18-19  hr  for  the  crayfish  in 
this  experiment , and  if  this  is  the  case  the  threshold  at 
this  point  is  higher  than  it  was  for  the  crayfish  used  in  5B. 
Those  in  5B  were  collected  19  October  1964  and  held  for  40  days 
at  4  C  and  darkness.  The  crayfish  used  in  this  experiment  were 
collected  20  October  and  held  for  55  days.  Even  if  allowances 
are  made  for  the  fact  that  the  collections  were  made  in  two 
different  years  there  is  a  suggestion  that  there  may  be  an 
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annual  cycle  of  receptivity  to  molt- inducing  stimuli  and  that 
resistance  to  these  stimuli  increases  progressively  from 
September  through  December. 

EXPERIMENT  9  Effect  of  a  Light-Break  in  a  Dark  Period 

Fifty  juvenile  crayfish  collected  on  10  October  1965 
were  held  for  120  days  at  4  C  and  continuous  darkness  and 
then  divided  into  five  groups  for  exposure  to  the  following 
conditions . 

9A  24L-0D 
9B  18L-6D 
9C  16L-8D 
9D  14L-10D 
9E  14L-4D-4L-2D 

Results 

Molting  occurred  at  all  photoperiods  from  14l=10D  to 
24L-0D,  including  the  light-break  group  (9E).  There  was  no 
appreciable  difference  among  the  five  groups  with  respect  to 
per  cent  molting  successfully  (50  to  70$)  or  range  of  days 
encompassed  by  the  molting  period  (23  to  39 ). 

Comments 

When  this  experiment  was  designed  it  was  assumed  (because 
of  results  from  experiments  5  and  8)  that  14L-10D  was  sub¬ 
threshold  and  that  any  molting  response  obtained  in  the 
light-break  group  would  be  attributable  to  the  effect  of  the 
light  period  in  the  dark  phase.  However,  since  molting  in  the 
14L-10D  group  was  comparable  to  molting  in  all  other  groups 
it  is  not  possible  to  infer  anything  about  the  effect  of  a 
light-break  beyond  the  fact  that  it  has  no  apparent  adverse 
effect  on  molting. 
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EXPERIMENT  10  Attempt  to  Locate  the  Threshold  Photoperiod 

Forty  juvenile  crayfish  collected  20  May  I966  were  held 
for  53  days  at  4  C  in  darkness  and  then  divided  into  four 
groups  and  exposed  to  photoperiods  ranging  from  9L-15E  to 
16L-8D. 

Results 

Two  groups  (16L-8D  and  13L-11D)  were  terminated  on  day  23 
by  failure  of  the  water  recirculation  system.  Of  the  10  cray¬ 
fish  in  16l-8D  there  was  one  successful  molt  on  day  21  and 
a  stage  Ei  mortality  on  day  14.  In  the  13L-11D  group  there 
was  an  Ei  mortality  on  day  5»  an  E3  mortality  on  day  23 *  and 
a  successful  molt  on  day  23.  Molting  results  for  the  other 
two  groups  are  given  in  Table  XIII. 


Table  XIII.  Molting  results  for  crayfish  collected  in  the 

spring  and  held  under  conditions  of  cold  and 
darkness  for  53  days. 


Photoperiod 

Molt 

Mortality 

Successful 

Molting  Period 

El 

e2 

e3 

Molt 

Exper.  Days 

11L-13D 

3 

3 

3 

1 

25.26 

9L-15D 

2 

2 

1 

5 

5-16 

Comments 

Results  from  this  experiment  clearly  show  that  molting 
will  occur  in  a  9L-15D  photoperiod.  It  was  assumed  from 
Experiment  2  and  later  demonstrated  in  Experiment  4  that 
molting  would  not  occur  in  a  10L-14D  photoperiod.  This  fact 
was  further  demonstrated  in  Experiment  5A»  In  Experiment  8C 
there  was  only  a  20$  molting  response  (both  E^  mortalities) 
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in  13L-11D  photoperiod.  In  Experiment  5  there  was  no  molting 
after  27  days  of  exposure  to  either  10L-14D  or  16L-8D.  In 
the  present  experiment  there  was  an  excellent  molting  response 
within  26  days  even  in  a  photoperiod  of  9L-15D.  This  experiment 
provides  further  evidence  that  the  relationship  of  the  molt  to 
a  given  photoperiod  is  not  absolute  but  varies  according  to 
factors  not  yet  determined. 

DEFINITIVE  EXPERIMENTS 

Results  from  the  first  two  experiments  indicated  that 
a  molting  response  would  occur  under  long-day  conditions,  but 
that  photoperiods  of  10L-14D  or  less  were  insufficient  to  permit 
a  molt.  This  conclusion  was  subsequently  confirmed  by  Experiment 
4  and  further  substantiated  by  Experiment  5A.  From  the  results 
of  Experiment  5B  it  was  concluded  that  the  minimum  photoperiod 
for  successful  molt  was  about  17  hours  and  this  was  supported 
by  results  from  experiments  6,  7»  and  8.  However,  crayfish 
in  Experiment  9  molted  in  a  photoperiod  of  14L-10D,  and  those 
in  Experiment  10  molted  in  a  photoperiod  of  9L-15D.  Results 
from  these  last  two  experiments  were  in  direct  conflict  with 
results  from  experiments  1-8,  and  for  this  reason  the  following 
group  of  experiments  was  designed  to  define  the  reasons  for 
this  conflict. 

EXPERIMENT  11  Validation  Experiment 

Forty  juvenile  crayfish  collected  20  May  I966  were  kept 
in  the  dark  at  4  C  for  78  days.  These  crayfish  were  collected 
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at  the  same  time  as  those  used  in  Experiment  10  and  thus  had 
experienced  25  additional  days  of  winter  conditions.  Four 
experimental  groups  were  established. 

llA  (16L-8D) .  For  evaluation  of  results  from  exper¬ 
iments  5,  8,  9,  and  10. 

11B  (16L-8D  decreasing  7?  minutes  each  day) .  For  eval¬ 

uation  of  results  from  experiments  5B 
and  6C,  D. 

11C  ( 10L-14D) .  For  evaluation  of  results  from  experiments 

2,  4,  5A*  7,  8,  and  10. 

IIP  (10L-14D  increasing  7ll  minutes  each  day).  For  eval¬ 
uation  of  results  from  experiments  5A 
and  6a,  B. 

Increasing  time  was  added  to  the  morning  end  and  decreasing 
time  was  subtracted  from  the  night  end  of  the  cycle.  As  in 
previous  experiments  the  water  temperature  was  maintained  at 
20  C. 


Results 

Table  XIV.  Molting  results  for  spring-collected  crayfish 
exposed  to  constant  and  changing  photoperiods. 


Photoperiod 

Successful 

Molts 

Molt 

El 

Mortality 
E2  E3 

Deaths* 

Molt  Period 
Exper.  Days- 

16L-8D 

2 

5 

2 

0 

1 

21-32 

10L-14D 

4 

5 

0 

0 

1 

26-34 

16L— *-10L 

5 

2 

3 

0 

0 

15-32 

10L — M.6L 

1 

3 

0 

0 

6 

7-32 

^Includes  those  mortalities  that  apparently  were  not  connected 
with  molting.  **Includes  stage  E^  through  E3  mortalities  also. 
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Comments 

The  Incidence  of  molt  or  molt  attempt  on  day  7*  10,  and 
11  in  this  experiment,  and  on  day  5  and  13  in  the  previous 
experiment,  indicates  that  at  least  some  of  the  experimental 
animals  were  in  proecdysis  at  the  time  of  exposure  to  exper¬ 
imental  conditions o  This  could  mean  that  proecdysis  was  initiated 
while  the  animals  were  being  held  in  darkness  at  4  C,  or  that 
they  had  commenced  proecdysis  prior  to  collection  on  20  May 
and  that  subsequent  cold  water  storage  had  suspended  the  process 
at  that  stage.  Mobberly  (1963)  reported  that  cold  temperature 
would  suspend  proecdysis,  which  would  continue  to  completion 
when  the  water  warmed.  However  his  cold  periods  did  not  approach 
the  50  to  80  day  exposure  endured  by  the  crayfish  in  these 
experiments  and  he  did  not  determine  the  maximum  length  of 
time  that  proecdysis  could  be  suspended  and  still  continue  to 
a  successful  molt  when  exposed  to  warm  water.  The  excessive 
mortality  rate  in  experiments  10  and  11  may  be  a  reflection  of 
prolonged  suspension  of  proecdysis. 

Results  from  the  groups  exposed  to  16L-8D  and  10L-14D 
support  results  from  experiments  9  and  10  and  contradict  those 
from  2,  4,  5®  and  8.  Crayfish  for  this  experiment  were  collected 
in  the  spring  and  the  experiments  from  which  contradictory 
results  were  obtained  utilized  crayfish  collected  in  the  fall. 
However,  these  results  support  those  obtained  from  Experiment 
9  and  these  also  were  fall-collected  crayfish.  Experiment  9 
crayfish  differ  from  the  other  fall-collected  groups  in  that 
they  were  held  for  120  days  in  winter  conditions  before  being 
used.  These  crayfish  reacted  to  molting  stimuli  like  spring 
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collected  crayfish.  Since  they  were  held  for  120  days  after 
collection  they  were,  in  terms  of  elapsed  time,  more  like 
spring  crayfish  than  any  of  their  fall-collected  counterparts. 

This  point  is  important  because  it  is  not  possible,  when  using 
spring-collected  crayfish,  to  eliminate  the  possibility  that 
environmental  conditions  present  prior  to  collection  may  have 
in  some  way  prepared  the  animals  for  molt.  The  fact  that  fall- 
collected  crayfish  held  throughout  the  winter  period  in  controlled 
winter  conditions  respond  in  the  same  way  as  their  spring-collected 
counterparts  provides  reasonably  conclusive  evidence  that  the 
difference  in  molting  response  between  spring  and  fall  cray¬ 
fish  is  not  due  to  environmental  stimuli  present  before  col¬ 
lection  in  the  spring, but  is  instead  a  function  of  the  winter 
period  itself.  This  may  be  a  continuing  influence  of  cold, 
dark  conditions  of  the  winter  period,  or  it  may  be  an  expression 
of  an  endogenous  rhythm.  At  this  point  there  is  no  evidence 
to  support  one  over  the  other. 

EXPERIMENT  12  Molting  Response  of  Spring  and  Fall  Crayfish 
From  the  results  obtained  in  the  previous  experiment 
it  was  concluded  that  if  spring  and  fall  crayfish  were  exposed 
to  identical  photoperiod  the  molting  response  of  the  two  groups 
would  be  different.  To  test  this  hypothesis  thirty  juvenile 
crayfish  were  collected  from  the  Beaver  River  on  4  October 
19 66  and  divided  into  six  groups.  These  were  matched  against 
groups  of  comparable  size  that  had  been  collected  on  15  June 
and  retained  for  112  days  in  darkness  at  4  C.  Six  different 
photoperiods  were  used  -  two  hour  increments  from  3L-21D  to 
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11L-13D  plus  16L“8D  -  and  the  experimental  groups  were  dis¬ 
tributed  so  that  in  each  photoperiod  there  was  one  tank  of 
five  "spring"  crayfish  and  one  tank  of  five  October  crayfish,. 
The  experiment  was  terminated  after  4 5  days. 

Results 


Table  XV.  Comparative  molting  results  for  spring  and  fall 
crayfish  exposed  to  identical  photoperiods. 


Photo- 

Successful 

Molt 

Mortality 

Molt  Period 

%mo\t 

period 

Molt 

E1 

e2 

E3 

Died 

Exper.  Days* 

Attempt 

16L-8D 

S 

1 

2 

0 

0 

1 

26-36 

60 

F 

0 

0 

0 

0 

0 

0 

11L-13D 

S 

0 

4 

0 

0 

1 

23-28 

80 

F 

0 

0 

0 

0 

0 

— 

0 

9L-15D 

S 

F 

0 

0 

3 

0 

0 

0 

0 

0 

1 

0 

23-24 

CO 

60 

0 

7L-17D 

S 

F 

2 

0 

1 

0 

1 

0 

0 

0 

1 

0 

22-29 

80 

0 

5L-19D 

S 

F 

1 

0 

3 

0 

0 

0 

0 

0 

1 

0 

15-33 

80 

0 

3L-21D 

S 

F 

2 

0 

2 

0 

0 

0 

0 

0 

1 

1 

26-33 

cao 

80 

0 

^Includes  molting  mortalities.  Groups  S  and  F  indicate  spring 
and  fall  crayfish  respectively. 


Comments 

These  data  prove  conclusively  that  crayfish  in  the  spring 
(or  following  extended  exposure  to  cold  and  darkness)  respond 
in  an  entirely  different  way  to  photoperiod  than  do  crayfish 
collected  in  the  fall.  It  appears  that  there  is  some  factor 
present  in  crayfish  which  inhibits  molting  in  late  fall,  that 
the  influence  of  this  factor  decreases  throughout  the  winter. 
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that  this  inhibition  may  be  overcome  by  photoperiods  of  suf¬ 
ficient  length,  and  that  longer  photoperiods  are  required  to 
overcome  this  inhibition  in  the  fall  than  in  the  spring.  In 
fall-collected  crayfish  photoperiods  of  17-20  hours  are  required 
to  produce  a  molt  whereas  results  from  this  experiment  show 
that  molting  will  occur  in  photoperiods  as  short  as  3L-21  D 
after  the  crayfish  have  endured  an  extended  period  of  cold  and 
darkness.  It  must  be  emphasized  that  this  is  probably  not  true 
for  subsequent  molts.  This  point  will  be  developed  further  in 
the  Discussion, 

EXPERIMENT  13  Effect  of  High  Population  Density  on  Molting 
Fifty  crayfish  collected  on  4  October  19 66  were  held  at 
4  C  in  darkness  for  56  days  and  were  then  randomly  assigned  to 
one  of  four  groups.  Group  A  consisted  of  5  crayfish  and  acted 
as  a  control.  Ten  crayfish  were  put  in  group  B,  15  in  group 
C,  and  20  in  group  D.  The  density  in  group  A  was  approximately 
1  cm  crayfish  carapace  length  per  100  cm  area  in  the  molting 
tank.  Densities  in  groups  B,  C,  and  D,  were  approximately 
2,  3,  and  4  times  that  in  group  A,  Flat  rocks  were  provided  in 
such  a  way  as  to  allow  all  crayfish  to  get  under  cover  (although 
not  necessarily  to  obtain  individual  retreats).  Food  was  pro¬ 
vided  daily  as  required.  All  four  molting  tanks  were  exposed 
to  20L-4D  photoperiod  at  a  temperature  of  20-22  C  for  40  days. 

Results 

The  results  from  this  experiment  are  summarized  in  Table  XVI. 
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Table  XVI.  Effects  of  higher  population  densities  on 

molting  results  of  fall  crayfish  exposed  to 
long-day  conditions. 


Group 

No. 

cray¬ 

fish 

Approx¬ 

imate 

Density' 

Success¬ 

ful 

Molts 

Molt 

Mortality 

%  e2  e3 

Non- 

Molt 

Death 

Non- 

Molt 

Survivors' 

A 

5 

1  cm/100 

cm2 

5 

0 

0 

0 

0 

0 

B 

10 

2  cm/100 

cm2 

2 

2 

0 

0 

1 

0 

C 

15 

3  cm/100 

cm2 

0 

2 

0 

0 

7 

6 

D 

20 

4  cm/100 

cm2 

0 

3 

1 

0 

11 

5 

^Includes  only  those  animals  which  were  alive  at  the  end 
of  the  experiment  but  which  had  not  molted.  **Density 
calculated  as  cm  carapace  length  per  100  cm2  in  the 
molting  tanks. 


Comments 

These  results  appear  to  substantiate  the  assumption  pre¬ 
viously  made  that  higher  population  densities  can  interfere 
with  a  normal  molting  response.  It  also  appears  that  the  density 
used  throughout  the  molting  experiments  in  this  study  is  close 
to  optimum  for  successful  molting.  Because  of  the  limited  size 
of  the  sample  it  is  not  possible  to  say  with  certainty  that 
a  density  of  2  cm  carapace  length  per  100  cm^  is  too  high  for 
successful  molting,  but  it  would  seem  to  be  a  reasonable 
assumption  that  the  density  used  in  group  A  is  not  detrimental 
to  molting,  and  that  the  density  used  in  group  D  is  not  as 
conducive  to  successful  molting  as  is  the  density  used  in 
group  A. 

EXPERIMENT  14  Influence  of  Light  on  the  Spring  Molt 


In  experiment  12  it  was  found  that  successful  molting 
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would  occur  In  a  photoperiod  as  short  as  3L-21D.  This  raised 
the  question  of  whether  molting  would  occur  after  long  exposure 
to  winter  conditions  if  the  temperature  was  increased  without 
introducing  a  light  period.  Twenty  crayfish  that  had  been 
in  the  holding  tank  in  the  dark  at  4  C  for  180  days  were  selected 
and  distributed  among  four  groups.  Two  groups  (10  crayfish)  were 
exposed  to  18L-6D  photoperiod  and  the  other  two  were  kept  in 
constant  darkness.  The  transfer  from  the  holding  tank  was  made 
at  night  without  the  aid  of  artificial  light  (utilizing  normal 
background  illumination  which  is  about  the  intensity  of  bright 
moonlight).  Temperature  was  maintained  at  20  C. 

Results 

In  the  control  group  at  20  C  and  18L<=6d  there  were  five 
molts  (days  13“23),  three  stage  Ef  mortalities  (days  14  and  15) » 
and  two  deaths  (day  7»  10).  In  the  experimental  group  at  20  C 
and  darkness  there  were  no  molts,  seven  mortalities  from 
day  9  through  14,  and  three  deaths  (days  2-7) 

Comments 

Once  again  the  small  sample  size  makes  it  impossible  to 
draw  definite  conclusions  from  the  data  but  it  appears  as 
though  some  light  may  be  necessary  for  successful  completion 
of  the  molt,  but  is  certainly  not  required  for  stages  D0 
through  Ei .  This  would  indicate  that  increasing  temperature 
either  initiates  proecdysls  or  allows  it  to  proceed, but  obser¬ 
vations  made  on  specimens  in  the  holding  tank  show  that  warm 
water  is  not  a  requirement  for  initiation  of  proecdysis.  In 
the  holding  tank  on  15  March  1967  there  were  nine  crayfish  that 
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had  been  collected  and  marked  ten  months  previously,  on  15  May 
1966.  These  crayfish  had  experienced  a  normal  7-month  winter 
period  in  the  river  and  had  been  collected  prior  to  their 
first  molt  and  placed  in  the  holding  tank  where  they  endured 
ten  additional  months  of  winter  conditions .  During  the  latter 
period  the  water  temperature  remained  at  4  C  and  there  had  been 
no  light  except  for  four  brief  exposures  when  experimental  groups 
were  removed  from  the  tank.  When  this  group  was  removed  and 
examined  in  mid-March  it  was  found  that  six  of  the  nine  animals 
were  in  advanced  stage  E^ .  This  group  was  allowed  to  warm 
gradually  to  20  C  but  all  died  without  completing  the  molt.  This 
is  further  evidence  that  stages  D0  through  E^  can  occur  in  the 
absence  of  warm  water  and  a  daily  photoperiod. 

EXPERIMENT  15  Temporal  Reduction  of  Fall  Molt  Inhibition 

In  experiment  11  it  was  concluded ,ard in  Experiment  12  it 
was  proved,  that  the  photoperiod  required  for  initiation  of 
molt  was  much  shorter  in  crayfish  collected  in  the  spring.  In 
Experiment  11  it  was  also  suggested  that  this  difference  was 
due  to  some  inhibitory  factor  present  in  fall  crayfish  (rather 
than  a  stimulatory  effect  of  rising  temperature  and  long 
photoperiod  prior  to  collection  in  the  spring)  and  that  this 
inhibitory  effect  decreased  throughout  the  winter.  To  test 
this  hypothesis  crayfish  were  collected  from  the  Beaver  River 
on  9  October  1966  and  placed  in  the  holding  tank  in  darkness 
at  4  C.  Experimental  groups  were  removed  at  30“(iay  intervals 
up  to  120  days  and  exposed  to  two  different  photoperiods;  18L-6D 
and  7L-17D.  Because  of  concurrently  running  experiments  space 
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was  available  for  only  20  crayfish  In  group  A  and  40  crayfish 
in  groups  B  and  D.  In  group  C  all  units  were  available  and  60 
animals  were  used.  The  experimental  procedure  was  as  follows. 


No.  at  Each 

Days  After  Photoperiod  Date  of 


Group 

Collection  16L-8D  7L-17D 

Commencement 

A 

30 

10 

10 

9  November 

B 

60 

20 

20 

9  December 

C 

90 

30 

30 

8  January 

D 

120 

20 

20 

7  February 

Results 

There  was 

no  molting 

response  in  either 

photoperiod 

for 

group  A. 

In  group  B,  exposed  30  days  later, 

two  crayfish 

died 

in  stage 

E2  in 

the  1 6L-8D 

photoperiod.  None 

of  the  other 

38 

crayfish 

showed 

any  sign 

of  molt.  In  group  C 

,  exposed  on 

8  January,  there  was  one  death  (day  7)  and  no  molts  in  the 
7L-17D  photoperiod,  but  28  of  30  experimental  animals  in 
16l°8D  photoperiod  died  in  stage  E^.  All  20  of  the  16L-8D 
crayfish  in  group  D  molted  successfully  (day  25=31)  while  in 
the  7L-17D  photoperiod  there  were  eight  successful  molts  (days 
25=34),  four  Ei  mortalities,  two  E2  mortalities,  two  non-molt 
deaths,  and  four  survivors  that  showed  no  sign  of  molting.  The 
experiment  was  not  followed  beyond  the  3 5th  day.  Group  C  animals 
from  the  7  hr  photoperiod  were  maintained  concurrently  with 
group  D  to  determine  whether  they  would  molt  at  the  same  time 
as  those  in  group  D,  7  hr  photoperiod,  and  in  this  group  there 
were  six  successful  molts  between  day  62  and  65  (equivalent 
to  day  32  and  35  for  group  D).  These  data  are  summarized  in 


Table  XVII. 
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Table  XVII.  Effect  of  elapsed  time  In  winter  conditions  on 

the  tendency  of  a  crayfish  to  respond  to  photo¬ 
period  by  molting. 


Days 

No. 

Molt- 

Exper . 

After 

Photo- 

Cray- 

No. 

Mortality 

No. 

Group 

Date 

Coll. 

period 

fish 

Molts 

El 

E2 

e3 

Died 

16L-8D 

10 

0 

0 

0 

0 

0 

A 

9  Nov 

30 

7L-17D 

10 

0 

0 

0 

0 

0 

16L-8D 

20 

0 

0 

2 

0 

0 

B 

9  Dec 

60 

7L-17D 

20 

0 

0 

0 

0 

0 

1 6L-8D 

30 

0 

0 

1 

28 

1 

C 

8  Jan 

90 

7L-17D 

30 

0 

0 

0 

0 

1 

16L-8D 

20 

20 

0 

0 

0 

0 

D* 

7  Feb 

120 

7L-17D 

20 

8 

4 

2 

0 

2 

*This  is  the  only  group  in  which  successful  molting  occurred 
and  for  this  reason  the  observation  period  was  extended  to 
day  35. 


Comments 

This  experiment  provides  further  proof  that  the  dif¬ 
ference  in  molting  response  observed  in  spring  and  fall  cray¬ 
fish  is  not  due  to  pre-collection  environmental  stimuli  enhan¬ 
cing  the  molting  response  in  spring  crayfish,  but  is  due 
instead  to  a  progressive  decline  in  the  degree  of  resistance 
to  molting.  Crayfish  in  the  late  summer  and  fall  are  very 
resistant  to  the  molting  stimulus  provided  by  photoperiod  but 
with  extended  time  in  winter  conditions  this  resistance  de¬ 
creases.  The  thirty  crayfish  in  7  hr  photoperiod  in  group  C 
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were  followed  for  65  days  to  determine  whether  their  ultimate 
response  would  be  the  same  as  those  in  7  hr  photoperiod  in 
group  Do  If  they  performed  in  a  manner  similar  to  those  in 
group  D  it  would  indicate  that  the  decline  of  MIH  influence  was 
due  to  elapsed  time  rather  than  conditions  in  the  environment. 

Six  of  the  29  crayfish  (21%)  in  group  C  managed  a  successful 
molt  during  the  same  period  that  40$  of  group  D  crayfish  molted. 

An  additional  30%  of  the  group  D  animals  unsuccessfully  attempted 
a  molt  during  this  period. 

The  fact  that  group  C  and  group  D  animals  in  7  hr  photo- 
period  both  molted  at  the  same  time,  even  though  those  from 
group  C  had  experienced  an  additional  30  days  at  that  photoperiod, 
seems  to  be  strong  evidence  for  an  endogenous  rhythm  of  molt 
inhibiting  hormone.  This  would  further  suggest  that  molting 
hormone  is  synthesized  and  released  in  proportion  to  the  length 
of  the  photoperiod.  This  titer  would  then  be  maintained  at 
a  level  determined  by  the  photoperiod  and  proecdysis  would  be 
initiated  when  the  titer  of  molt  inhibiting  hormone  decreased 
sufficiently.  An  alternative  explanation  would  be  that  secre¬ 
tion  of  molt  inhibiting  hormone  is  enhanced  by  winter  conditions 
but  that  the  eyestalk  organs  become  refractory  to  further 
stimulation  about  November.  At  this  point  synthesis  of  the 
hormone  ceases  but  continued  release  of  stored  hormone  from  the 
sinus  glands  maintains  the  titer  for  some  time  thereafter. 

Exposure  to  photoperiod  causes  inhibition  of  synthesis  and 
release  of  the  molt  inhibiting  hormone  in  a  manner  proportional 
to  the  length  of  the  photoperiod.  Molt  inhibiting  hormone  would 
act  directly  upon  the  Y-organ  to  inhibit  synthesis  of  molting 
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hormone,  and  this  Inhibition  would  be  proportional  to  the  titer 
of  molt  inhibiting  hormone.  The  ramifications  of  these  two 
hypotheses  will  be  dealt  with  further  in  the  Discussion. 

DISCUSSION 

In  1955  G.  C.  Stephens  reported  on  a  study  designed  to 
show  the  relationship  between  the  duration  of  the  photoperiod 
and  the  incidence  of  molt  in  Orconectes  virilis .  With  the 
background  provided  by  the  fifteen  experiments  reported  in 
the  preceding  pages  it  is  now  possible  to  interpret  his  results 
more  accurately.  He  exposed  large  numbers  of  juvenile  0.  virilis 
collected  in  mid-September  to  a  month  and  a  half  of  complete 
darkness  (temperature  not  given)  and  then  split  them  into  three 
experimental  groups.  Group  I  (130  crayfish)  were  put  in  a  tank 
and  continued  in  total  darkness.  At  the  termination  of  the 
experiment  13/6  of  the  animals  had  died  and  there  had  been  no 
molts.  Group  II  consisted  of  110  crayfish  which  were  exposed 
to  "normal  day  length,"  which  was  a  photoperiod  that  decreased 
slowly  from  just  over  10  hr  light  per  day  to  minimum  of  just 
over  9  hr  per  day.  In  this  group  the  mortality  rate  Increased 
to  28$  and  there  was  one  molt,  on  the  44th  day.  Group  III 
(65  crayfish)  was  exposed  to  20  hr  light  per  day,  and  in  this 
group  the  mortality  rate  jumped  to  62$.  There  were  only  six 
successful  molts,  between  day  48  and  day  64.  When  the  results 
of  this  latter  group  are  compared  to  results  obtained  in 
experiments  1,  2,  and  3  in  this  study  it  can  be  seen  that  they 
are  in  no  way  comparable,  even  though  the  experimental  animals 
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were  the  same  size,  had  very  similar  histories,  and  were  ex¬ 
posed  to  similar  or  identical  photoperiods.  The  explanation  may 
simply  be  that  the  specimens  used  by  Stephens,  being  from  a 
different  region,  responded  differently  to  a  given  set  of 
experimental  conditions.  However  I  suspect  that  the  reason 
for  the  different  results  can  be  attributed  to  the  size  of  the 
experimental  populations  used  and  the  temperature  of  the  water 
in  the  experimental  tanks.  Stephens  did  not  specify  the  size 
of  the  molting  tanks  used,  or  whether  any  form  of  cover  was 
provided  for  the  animals,  but  his  smallest  population  -  65 
crayfish  -  would  require  a  tank  approximately  114  cm  (45  inches) 
on  a  side  to  keep  the  population  density  anywhere  near  the 
maximum  used  in  the  experiments  reported  in  this  paper.  His 
mortality  rate  of  62 %  is  very  close  to  the  60%  mortality 
observed  in  Experiment  13#  where  the  density  was  3  cm  carapace 

p 

length  per  100  cm  in  the  molting  tank.  If  no  cover  was  pro¬ 
vided  the  problem  would  be  compounded.  Stephens  reported  that 
the  temperature  in  the  molting  tanks  averaged  15-3  C  throughout 
the  molting  experiment.  As  Kyer  (1942),  McWhinnie  (I962),  and 
the  results  from  this  study  have  shown,  molting  response  is 
adversely  affected  when  the  temperature  is  15  C  or  lower.  Thus 
Stephens’  (1955)  results  are  valid  only  for  juvenile  Orconectes 
virllis  collected  in  mid-September  and  stored  for  l-§  months 
in  darkness  (at  15  C?),  and  may  have  been  biased  by  low 
experimental  temperature  and  high  population  density. 

As  this  study  progressed  it  became  increasingly  more 
obvious  that  there  were  several  distinct  phases  to  the  actual 
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process  of  withdrawal  from  the  exuvium.  Molting  is  a  relatively 
rapid  process  which  is  difficult  to  observe  and  photograph. 
However,  when  crayfish  are  exposed  to  environmental  conditions 
which  are  abnormal  the  molt  which  results  is  often  incomplete 
and  terminates  with  the  mortality  of  the  animal.  After  I  had 
observed  quite  a  number  of  these  abortive  molts  it  became 
apparent  that  a  molt-attemp.t  always  terminated  at  one  of  three 
distinct  points.  These  are  described  briefly  in  Table  VI  and 
are  shown  in  figures  17  throught  20.  From  this  it  seemed  obvious 
that  the  actual  process  of  molt  (stage  E)  must  proceed  through 
four  distinct  stages  which  could  be  designated  as  through 
E4.  In  stage  D4  there  is  rapid  uptake  of  water  and  Drach  (1939) 
attributed  the  lifting  of  the  carapace  of  the  crabs  Maia  and 
Cancer  to  water  pressure  in  the  stomach.  However  Travis  (195*0 
found  that  in  the  spiny  lobster  Panulirus  the  turgidity  of  the 
stomach  was  due  to  formation  of  a  gas  of  undetermined  nature 
between  the  old  and  new  stomach  lining.  Whatever  the  cause, 
in  stage  E^  this  pressure  causes  the  thoraco-abdominal  inter- 
segmental  membrane  to  bulge  outward,  and  leads  to  separation 
at  the  much  softened  epimeral  suture  and  lifting  of  the  rear 
portion  of  the  carapace  (Fig.  17)  •  In  stage  E2  the  new  exo¬ 
skeleton  is  freed  from  the  carapace  which  is  then  pitched  up 
and  forward,  and  the  head  appendages  are  withdrawn  (Fig.  18). 

In  stage  E^  the  four  parts  of  the  uropods  are  aligned  like 
stacked  cards  beneath  the  telson  and  then  the  abdomen  and 
related  appendages  are  withdrawn  (figures  19  and  20).  The  final 
stage,  E4,  consists  of  withdrawal  of  the  chelipeds  and  other 
walking  legs  ( pereiopods ) .  This  sequence  differs  somewhat  from 
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Figure  17.  Qrconectes  vlrllls  in  late  stage  of  the  molt. 

Features  characteristic  of  this  stage  include 
the  distended  thoraco-abdominal  intersegmental 
membrane  and  a  slight  lifting  of  the  carapace 
which,  in  late  (shown  here)  raises  clear  of 
the  bases  of  the  walking  legs. 
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Figure  18.  Orconectes  vlrills  in  late  stage  E2  of  the  molt. 

In  this  stage  the  old  carapace  is  separated  from 
the  new  and  pitched  forward  and  downward,  facil¬ 
itating  withdrawal  of  the  head  appendages  (note 
the  transparent  lower  edge  of  the  old  carapace). 


122 


Figure  19.  Orconectes  virills  in  stage  E3  of  the  molt. 

The  uropods  are  aligned  vertically  beneath  the 
telson  and  the  abdominal  musculature  undergoes 
a  period  of  rhythmic  contraction.  Finally  the 
abdomen  is  flexed  violently  several  times  and 
withdrawal  is  accomplished.  In  some  cases  with¬ 
drawal  of  the  walking  legs  (stage  E4)  commences 
when  the  animal  is  in  the  position  shown  in 
this  photograph.  At  other  times  there  is  a  brief 
pause  at  the  end  of  stage  E3  (Figure  20)  followed 
by  a  period  of  abdominal  flexion  and  completion 
of  stage  E4. 
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Figure  20.  Qrconectes  vlrilis  after  completion  of  stage 
Ej  of  the  molt. 
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that  observed  by  Travis  (195*0  in  the  spiny  lobster  Panullrus . 
She  found  that  in  this  animal  withdrawal  of  the  walking  legs 
preceded  withdrawal  of  the  abdomen . 

Although  the  evidence  is  purely  circumstantial  it  seems 
fairly  obvious  that  each  of  these  four  steps  is  a  discrete 
process.  The  strongest  indication  of  this  is  the  fact  that 
I  have  never  observed  a  molt-mortality  that  was  intermediate 
between  any  two  stages;  that  is,  I  have  never  found  a  dead 
crayfish  with  the  carapace  only  partly  free  from  the  new 
exoskeleton  nor  have  I  ever  found  one  that  had  withdrawn  some 
of  its  walking  legs  and  died  without  completing  the  process 
(although  several  died  following  completion  of  this  stage). 

In  short  it  appears  that  once  the  animal  is  able  to  commence 
a  specific  stage  it  is  able  to  complete  it. 

Mortality  in  stage  E  under  experimental  conditions  has 
been  mentioned  by  Passano  for  other  decapod  crustaceans 
(1953  for  Uca  and  Sesarma ;  1960b  for  Uca ) ,  but  no  mention 
was  made  of  these  mortalities  occurring  at  specific  stages, 
Abramowitz  and  Abramowitz  (1940),  and  Guyselman  (1953)  found 
that  Uca  pugllator  often  failed  to  completely  emerge  from  the 
exuvium  when  molt  was  induced  by  eyestalk  ablation.  Molt 
mortality  following  eyestalk  ablation  was  also  reported  in  the 
crayfish  Orconectes  immunis  by  Brown  and  Cunningham  (1939)* 

They  established  two  experimental  groups  of  20  crayfish  from 
which  both  eyestalks  had  been  removed.  Into  the  ventral  sinus 
of  the  abdomen  of  one  group  they  implanted  a  single  sinus  gland, 
and  into  the  same  area  in  the  second  group  they  implanted  the 
tissue  of  an  eyestalk  from  which  the  sinus  gland  had  been 
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removed.  Brown  and  Cunningham  noted  that  the  first  sign  of 
molt  was  "...a  visible  separation  between  the  carapace  and 
the  first  abdominal  tergite,"  (stage  ) .  In  describing  the 
results  from  the  eyestalkless  group  which  received  implants  of 
eyestalk  tissue  minus  the  sinus  gland  they  mentioned  that  all 
showed  initiation  of  the  molt,  three  completed  the  molt  but 
died  shortly  thereafter,  and  one  died  "...when  well  along 
in  the  molting  process."  This  latter  case  would  be  at  least 
E2»  probably  stage  .  The  three  successful  molts  would  be 
comparable  to  the  post-E/^  mortality  recorded  in  Experiment  8. 
Comments  made  by  the  authors  in  reference  to  the  second  group 
(see  next  paragraph)  indicate  that  many  of  the  remaining  animals 
in  this  first  group  died  at  stage  E2» 

In  the  second  group,  which  received  sinus  gland  implants, 
"The  majority. .. showed  the  beginnings  of  molt  prior  to  their 
death,  just  as  did  the  first  lot  [but]  these  animals  seldom 
do  more  than  show  this  first  sign  of  molt,  scarcely  ever 
proceeding  far  into  the  molt  or  completing  it."  Apparently 
most  of  the  crayfish  in  this  group  showed  a  tendency  to  molt 
but  were  unable  to  proceed  beyond  stage  E^.  The  thing  to  note 
here  is  that  the  degree  to  which  the  experimental  animals  were 
able  to  proceed  in  stage  E  seems  to  be  related  to  the  ability 
of  the  implanted  tissue  to  elaborate  a  molt  inhibiting  hormone. 
The  greater  the  potential  for  secretion  of  MIH,  the  less  the 
chance  of  stage  E  progressing  beyond  E-j_ .  Those  eyestalkless 
crayfish  receiving  implants  of  eyestalk  tissue  minus  the  sinus 
gland  showed  all  stages  of  molt  mortality,  while  those  receiving 
only  sinus  gland  implants  were  unable  to  proceed  beyond  E^ . 
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The  most  interesting  aspect  of  these  data  is  the  fact  that 
the  experiments  described  in  the  present  study  show  that 
unfavorable  conditions  of  photoperiod,  or  photoperiod  and 
temperature,  will  produce  molt  mortalities  comparable  to  those 
obtained  by  ablation  and  implantation  techniques.  The  implications 
of  this  fact  will  be  discussed  in  more  detail  further  on. 

Initiation  of  molting  is  dependent  upon  the  secretion  of 
molting  hormone  (MH)  from  the  Y-organs ,  which  in  all  malacos- 
tracans  are  a  pair  of  glands  lying  Just  under  the  epidermis  of 
the  maxillary  or  mandibular  segments  of  the  cephalothorax. 

In  crabs  they  are  much  more  compact  than  in  crayfish  (Passano, 
1961).  Echaller  (195*0  first  showed  that  Y-organ  removal  in 
Garclnus  prevented  molt  If  done  in  stage  C  or  D0  -  Dj_ ,  but  if 
done  later  the  molt  was  unaffected.  In  1955  and  1956  he  proved, 
by  excising  and  implanting,  that  the  Y=organ  was  essential  for 
the  initiation  of  proecdysis  in  the  crab,  and  this  was  con- 
firmed  by  Carlisle  (1957)*  Echalier  (195*('»  1955)  and  Gabe  (1953) 
apparently  were  the  first  to  suggest  that  the  molt  inhibiting 
hormone  (MIH)  from  the  X-=organ  acted  directly  upon  the  Y-organ 
to  inhibit  synthesis  and  release  of  the  molting  hormone.  This 
same  opinion  was  subsequently  advanced  by  Bliss  (1956)  for 
the  land  crab  Gecarcinus ,  and  by  Carlisle  (1957)  and  Passano 
(1961)  for  the  green  crab  Carcinus .  Carlisle  (1953d)  found 
that  there  is  no  molt  inhibiting  hormone  in  the  eyestalk  of 
the  Mediterranean  prawn  Lysmata  seticaudata .  This  is  also  true 
f°r  Leander  serratus  (Carlisle  and  Dohrn,  1953)*  and  for  the 


spiny  lobster  Panulirus  (Travis,  1951 )•  Since  these  are  all 
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reported  to  be  non-seasonal  breeders  Carlisle  (1953d)  suggested 
that  MIH  is  found  principally  in  seasonal  breeders  (most  crabs 
and  the  astacid  macrurans ) .  Eyestalk  removal  in  Lysmata  and 
Leander  appears  to  have  a  slight  retarding  effect  on  the  molt, 
which  implies  that  the  eyestalk  contains  a  molt  accelerating 
factor.  In  Lysmata  this  molt  accelerating  factor  is  present  in 
both  parts  of  the  X-organ  (Carlisle,  1953d),  but  appears  to  be 
present  in  the  thoracic  and  cerebral  ganglia  as  well.  Carlisle 
(1957)  has  suggested  that  the  phenomenon  of  an  eyestalk  molt 
accelerating  hormone  is  restricted  to  the  natantians,  but  molt 
accelerating  factors  in  supraesophageal  ganglia  and  connectives, 
as  well  as  thoracic  ganglia,  have  been  reported  for  the  crayfish 
Orconectes  immunis  (Scudamore,  1948)  and  Faxonella  clypeata 
(Mobberly,  I963).  Since  molting  hormone  is  essential  for  initiation 
of  proecdysis  but  not  necessary  for  subsequent  steps,  the  accel¬ 
erating  factor  from  the  central  nervous  system  may  play  some 
role  in  late  D  and  early  stage  E.  Since  a  molt  accelerating 
factor  has  been  shown  to  be  present  throughout  the  CNS  it  would 
not  appear  to  be  important  in  the  molt-mortality  observed  by 
Brown  and  Cunningham  (1939)  mentioned  above.  The  explanation 
for  this  still  appears  to  be  the  effect  of  sinus  gland-MIH 
implantation  rather  than  lack  of  a  molt  accelerating  hormone. 

If  this  assumed  relationship  between  the  titer  of  MIH  and  the 
degree  of  progress  through  stage  E  can  be  applied  to  intact 
animals  as  well  as  eyestalkless  ones,  it  would  suggest  that  in 
the  cases  of  stage  E  mortality  which  occurred  in  the  present 
study  the  causal  factor  was  an  Improper  ratio  of  MH  to  MIH;  that 
although  the  molting  hormone  was  adequate  to  initiate  proecdysis 
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the  MIH  titer  either  remained.,  or  subsequently  became,  too 
high  to  permit  successful  completion  of  the  molt.  This  would 
imply  that  molting  hormone  and  molt  inhibiting  hormone  can 
both  be  secreted  at  the  same  time,  and  that  the  system  responds 
to  the  hormone  with  the  highest  blood  titer.  By  using  bioassay 
techniques  Carlisle  (1957)  was  able  to  show  that  this  is  appar¬ 
ently  the  case  in  the  crab  Carcinus.  In  terminal  anecdysis 
the  Y-organs  are  still  producing  molting  hormone  to  some  degree, 
and  Y-organs  from  animals  in  diecdysis,  where  the  titer  of  MIH 
is  not  as  high,  are  producing  considerably  more.  These  findings 
are  evidence  that  the  assumed  inhibition  of  Y-organ  output  of 
MH  is  (at  least  in  Carcinus )  not  an  all-or-none  phenomenon, 
but  is  probably  a  matter  of  degree.  This  is  an  important  point 
for  it  justifies  the  above  explanation  of  stage  E  mortalities 
observed  in  this  study  as  well  as  those  reported  by  Brown  and 
Cunningham  (1939)* 

The  fifteen  experiments  described  in  this  study  have 
repeatedly  shown  that  photoperiod  is  influential  in  regulation 
of  the  molt,  but  a  problem  is  encountered  when  one  attempts  to 
determine  how  the  effects  of  photoperiod  are  expressed.  Since 
several  studies,  mentioned  above,  have  shown  that  the  molt 
inhibiting  hormone  is  the  principal  regulator  at  the  endocrine 
level  the  first  impulse  would  be  to  assign  to  photoperiod  the 
task  of  regulating  the  synthesis  and  release  of  molt  inhibiting 
hormone.  This  was  the  approach  taken  by  Bliss  (1956)  who  pos¬ 
tulated  that  long  photoperiods  promote  release  of  MIH  from  the 
sinus  gland  of  the  land  crab  Gecarclnus ,  and  that  darkness 
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prevents  its  release.  She  suggested  (195^t>)  that  prolonged 
darkness  causes  an  accumulation  of  secretory  materials  in  the 
neurosecretory  cells  which  results  in  ’'leaking’1  and  a  rise  in 
MIH  titer  under  these  conditions.  It  can  readily  be  seen  that 
such  an  hypothesis  of  photoperiod-MIH  relationship  would  not 
explain  the  results  from  the  experiments  on  Orconectes  virllis 
reported  here;  in  fact  the  explanation  would  have  to  be  exactly 
the  opposite  of  that  advanced  by  Bliss.  However,  Bliss  (195^a) 
stated  that  Gecarclnus  molts  in  constant  darkness,  and  that 
constant  light  severely  impedes  the  molt.  This  too  is  diametric 
to  the  response  of  0.  virllis .  Thus  it  would  seem  reasonable 
to  suggest  that  the  photoperiod-MIH  relationship  found  in 
0.  virllis  would  be  the  opposite  of  that  proposed  by  Bliss  for 
Gecarclnus ;  e.g.  long  photoperiods  would  inhibit  secretion  of 
MIH  and  darkness  would  promote  it. 

In  group  B  of  experiment  15  only  two  of  20  crayfish 
exposed  to  16  hr  light  periods  showed  any  sign  of  molt,  and 
these  two  died  at  stage  E2»  Thirty  days  later,  under  the  same 
conditions,  28  out  of  29  which  attempted  to  molt  died  at  stage 
E3.  Thirty  days  after  that,  still  under  the  same  conditions,  all 
20  experimental  animals  completed  the  molt  successfully  with 
no  mortalities.  The  only  factor  that  was  changing  from  one 
group  to  another  was  the  time  spent  in  cold  and  darkness  prior 
to  exposure  to  molting  conditions.  This  shows  that  resistance 
to  the  molt  stimulating  effect  of  a  16  hr  photoperiod  decreases 
with  continued  exposure  to  winter  conditions.  Since  it  Is 
generally  agreed  that  the  molt  cycle  is  governed  by  the  molting 
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hormone  (MH)  and  the  molt  inhibiting  hormone  (MIH),  this  pro¬ 
gressive  change  in  response  to  photoperiod  must  be  due  either 
to  decrease  in  the  titer  of  MIH,  or  increase  in  the  titer  of  MH. 

The  results  from  Experiment  15  strongly  suggest  that 
secretion  of  MIH  is  governed  by  an  endogenous  cycle  (synchro¬ 
nized  annually  by  some  event  during  the  active  season)  that  is 
at  its  peak  in  late  fall  and  at  the  nadir  in  the  spring.  Photo¬ 
period  in  this  case  would  stimulate  synthesis  and  release  of 
molting  hormone  from  the  Y-organs,  and  the  degree  of  stimulation 
would  be  proportional  to  the  length  of  the  photoperiod.  The 
concept  of  an  endogenous  cycle  of  MIH  gains  support  from  the 
findings  of  Jegla  ( 1 965 )  who  performed  a  series  of  eyestalk 
ablation  experiments  on  the  cave  crayfish  Orconectes  pellucidus . 
He  reported  that  0.  pellucidus  is  further  away  from  molting  in 
November  than  it  is  in  September,  and  suggested  that  the 
explanation  lay  in  a  difference  in  concentration  of  molt  inhib¬ 
iting  hormone  in  the  two  groups.  The  cyclic  nature  of  MIH  has 
been  reported  by  Guyselman  (1953)  for  Uca,  and  by  Carlisle 
(195*0  for  Carcinldes ,  but  these  are  both  animals  that  are 
receptive  to  photic  stimulus.  0.  pellucidus ,  on  the  other  hand, 
lives  in  an  environment  completely  free  from  light,  and  the 
cyclic  nature  of  MIH  in  this  crayfish  must  be  due  to  an  endogen¬ 
ous  cycle  synchronized  either  by  the  annual  spring  flood  or  by 
some  other  as  yet  undetermined  stimulus.  It  might  be  argued 
that  0.  pellucidus  is  a  well  adapted  cave  dweller,  and  as  such 
could  be  expected  to  have  evolved  a  special  mechanism  for  molt 
control  in  the  cave  environment.  While  this  is  a  possibility, 
it  seems  equally  probable  that  the  endogenous  cycle  which  Is 
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apparently  present  in  0 •  pellucidus  is  a  slightly  modified 
version  of  the  system  which  controlled,  the  molt  in  its  non- 
cavernicolous  ancestors. 

There  is  considerable  evidence  (previously  cited)  that  in 
crabs  MIH  acts  principally  as  an  inhibitor  of  the  Y-organs, 

Although  there  is  no  experimental  evidence  one  way  or  the  other 
regarding  crayfish,  the  similarity  of  the  molting  process  among 
the  various  groups  makes  it  probable  that  this  is  also  true  in 
the  majority  of  the  astacids,  This  is  further  supported  by  the 
observation  made  in  this  study  that  crayfish  exposed  to  abnormally 
long  winter  periods  will  eventually  enter  proecdysis,  Under  these 
conditions  the  Y-organs  must  commence  secretion  of  molting  hormone 
in  response  to  depressed  MIH  titer.  This  implies  that  secretion 
of  molting  hormone  is  basically  regulated  by  MIH  titer,  but  that 
light  (through  another  neurosecretory  system)  causes  the  Y-organs 
to  synthesize  and  release  molting  hormone,  irrespective  of  the 
MIH  titer.  This  system  would  bear  a  strong  resemblance  to  that 
found  in  insects,  where  any  of  several  specific  stimuli,  including 
light,  can  act  through  the  CNS  to  cause  release  of  the  neurohormone 
prothoracotropin  from  the  corpora  cardiaca,  Prothoracotropin 
specifically  activates  the  prothoraclc  glands  of  Insects  (which 
are  very  similar  histologically  to  the  Y-organs  of  crustaceans), 
causing  them  to  synthesize  and  release  molting  hormone.  The 
occurrence  of  a  molt  accelerating  factor  in  the  CNS  of  crayfish 
is  fairly  well  documented  (Scudamore,  194-2;  Mobberly,  1963)0 
Extracts  of  selected  portions  of  CNS  tissue  appear  to  accelerate 
the  molt  In  much  the  same  way  that  long  photoperiod  does,  thus 
it  Is  possible  that  this  accelerating  factor  is  the  neurohormone 
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which  stimulates  the  Y-organs  to  produce  molting  hormone  in 
long-day  conditions. 

Bearing  in  mind  the  speculative  nature  of  the  reasoning 
involved,  and  the  fact  that  there  is  at  least  one  other  possible 
explanation  for  the  phenomena,  observed,  the  following  hypothesis 
of  environmental  and  endocrinological  control  of  the  molting 
cycle  of  Orconectes  vlrilis  is  presented. 

1.  Synthesis  and  release  of  molt  inhibiting  hormone  from 
the  X-organ-sinus  gland  complex  is  a  reflection  of  an  endogenous 
cycle,  with  the  blood  titer  being  highest  in  late  autumn  and 
lowest  in  late  winter. 

2.  Very  low  temperatures  interfere  with  the  endogenous 
cycle  of  MIH  secretion,  preventing  normal  recovery  from  a  period 
of  minimum  secretion. 

3«  There  is  no  experimental  evidence  to  suggest  the  nature 
of  the  environmental  parameter  which  synchronizes  the  endogenous 
cycle  of  MIH,  but  there  is  indirect  evidence  that  in  Orconectes 
virilis  the  cycle  is  synchronized  in  the  fall  rather  than  the 
spring. 

4.  Molt  inhibiting  hormone  acts  upon  the  Y-organs  to 
prevent  synthesis  and  release  of  molting  hormone,  and  on  the 
tissues  to  prevent  their  response  to  lower  MH  titers.  This 
inhibition  is  proportional  to  the  titer  of  MIH.  There  is  a 
threshold  in  the  ratio  between  MIH  and  MH  above  which  MIH  Is 
no  longer  able  to  prevent  the  tissues  from  responding  to  MH, 
and  at  this  point  proecdysis  is  initiated. 
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5.  Photoperiod  acts  through  the  neurosecretory  system  to 
stimulate  the  Y-organs  to  produce  MHf  and  this  stimulus  (and 
consequent  titer  of  MH)  is  proportional  to  the  length  of  the 
photoperiod,  and  probably  independent  of  the  titer  of  MIH. 

6.  During  the  late  fall,  when  MIH  titer  is  very  high, 
the  titer  of  molting  hormone  produced  in  response  to  a  15  hr 
photoperiod  is  insufficient  to  overcome  the  inhibitory  influence 
of  MIH.  However,  in  the  late  winter  this  same  titer  of  molting 
hormone  exceeds  the  titer  of  MIH,  which  by  this  time  has  decreased, 
and  proecdysis  commences. 

7.  If  the  titer  of  molting  hormone  induced  by  a  given 
photoperiod  is  close  to,  but  not  greater  than,  the  titer  of  MIH, 
proecdysis  will  often  be  induced  but  will  result  in  molt  mor¬ 
tality  at  one  of  four  stages.  This  is  also  true  if  the  titer 

of  MIH  increases  to  inhibitive  levels  following  initiation  of 
proecdysis . 

8.  Other  hormones  may  be  responsible  for  some  aspects  of 
the  molt  cycle,  especially  those  stages  following  the  initiation 
of  proecdysis.  Bliss  (1956)  has  also  suggested  that  non-eyestalk 
neurosecretory  cells  may  be  the  source  of  a  hormone  which  is 
inhibitory  to  the  Y-organs,  and  Mobberly  (1963)  and  Stephens 
(1951)  have  reported  the  occurrence  of  such  molt  inhibiting 
factors  in  the  CNS  of  crayfish.  Presumably  these  factors  would 
be  expressed  when  conditions,  other  than  light,  were  unfavorable 
for  molt  (e.g.  high  population  density),  or  when  a  molt  might 

in  some  way  be  disadvantageous  (as  is  the  case  with  molt  delay 
in  ovigerous  females). 
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With  the  hypothesis  developed  above  it  is  possible  to 
explain  the  seasonal  changes  that  occur  during  the  annual 
molting  cycle  in  Alberta. 

SUMMER  Long  spring  and  summer  photoperiods  induce  maximum 
secretion  of  molting  hormone.  Secretion  of  MIH  probably  increases 
gradually  as  the  summer  progresses  but  is  Insufficient  to  inter¬ 
fere  with  molting  success.  In  late  summer  the  decreasing  photo¬ 
period  causes  a  corresponding  decrease  in  the  formation  of  molting 
hormone  and,  as  MIH  titer  increases, further  molting  is  prevented. 
It  might  be  expected  that  occasionally  a  molt  would  be  blocked 
by  the  increasing  titer  of  MIH  in  the  fall,  and  field  collections 
prove  this  to  be  the  case.  Mortalities  at  stage  and  E2  are 
not  uncommon  among  the  juvenile  population  from  mid-August  to 
the  end  of  September. 

FALL-WINTER  By  early  November  the  crayfish  have  retired 
to  winter  hibernacula  and,  under  conditions  of  almost  complete 
darkness,  secretion  of  molting  hormone  is  inhibited  by  the 
high  MIH  titer  at  this  time  of  year.  As  the  winter  period 
is  extended  secretion  of  MIH  begins  to  decrease,  and  there  is 
a  corresponding  Increase  in  MH  secretion,  which  may  eventually 
lead  to  commencement  of  proecdysls. 

SPRING  Increasing  water  temperature  brings  the  animals 
out  of  winter  seclusion  and  they  move  to  shallow  water.  The 
photoperiod  at  this  time  is  16-17  hours  and  the  resulting 
peak  secretion  of  molting  hormone  leads  to  rapid  and  successful 
molt,  which  occurs  within  a  few  days  after  the  temperature 
rises  above  15  C. 
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EPILOGUE 

The  results  from  the  thirty-four  experiments  reported 
in  this  paper  support  the  conclusion  of  Cheung  (1966)  and 
others  that  the  hormones  which  regulate  the  female  reproductive 
cycle  are  different  from  those  which  control  molting,.  Initially 
it  was  thought  that  the  molt  inhibiting  and  ovarian  inhibiting 
hormones,  because  of  their  common  origin,  might  prove  to  be 
one  and  the  same;  but  if  the  conclusions  arrived  at  in  this 
paper  regarding  environmental  regulation  of  molting  and  repro¬ 
duction  are  correct,  two  entirely  different  hormones  must  be 
involved.  The  evidence  suggests  that  secretion  of  molt  inhib¬ 
iting  hormone  is  at  a  maximum  during  those  periods  and  under 
those  conditions  when  the  secretion  of  ovarian  inhibiting 
hormone  is  minimal.  Molting  hormone  without  question  originates 
in  the  Y=organs  and  is  thus  distinct  from  the  ovarian  inhib¬ 
iting  hormone  of  the  eyestalk  medulla  terminalis.  Less  conclus¬ 
ive  statements  can  be  made  regarding  the  relationships  of 
ovarian  stimulating  hormone  and  such  other  CNS  substances  as 
the  molt  accelerating  and  molt  inhibiting  factors  suggested 
by  various  authors,  but  the  indications  are  that  these  too 
will  be  found  to  have  different  origins  within  the  CNS. 

Results  from  experiments  reported  here,  taken  in  con¬ 
junction  with  those  of  other  workers,  suggest  that  both 
molting  and  reproduction  are  essentially  bihormonally  controlled, 
although  there  appear  to  be  other  hormones  involved  in  both 
cases.  Each  of  these  systems  is  regulated  by  the  environment. 
Light,  specifically  photoperiod,  is  the  most  important 


environmental  parameter  controlling  the  molting  cycle,  whereas 
temperature  seems  to  predominate  in  seasonal  synchronization  of 
the  female  reproductive  cycle.  Decreasing  temperature  in  the 
fall  permits  the  final  stages  of  ovarian  maturation  to  occur, 
low  temperature  throughout  the  winter  prevents  spontaneous 
oviposition,  and  increasing  temperature  in  the  spring  stimulates 
or  permits  egg  laying.  Decreasing  photoperiod  in  the  fall 
prevents  molting,  low  temperature  and  darkness  combine  to  pre¬ 
vent  molting  during  the  winter,  and  long  photoperiod  promotes 
molting  in  the  spring. 

Finally  it  must  be  stressed  that  the  data  and  hypotheses 
concerning  the  molt  cycle  which  have  been  advanced  in  this 
paper  are  relevant  to  juvenile  Orconectes  virlli s  only.  While 
the  same  principles  may  apply  to  mature  specimens,  certain 
exploratory  experiments  not  mentioned  in  this  paper  have 
indicated  that  responses  of  juvenile  and  adult  animals  are 
quite  different. 


As  for  the  details,  it  must  be  remembered,  not 
only  that  some  omission  or  mistake  is  almost 
unavoidable,  but  that  new  lights  come  with  new 
methods  of  investigation;  and  that  better  modes 
of  statement  follow  upon  the  improvement  of 
our  general  views  introduced  by  the  gradual 
widening  of  our  knowledge. 


T.  H.  Huxley 
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APPENDIX  #  1 

LIFE  SPAN  OF  ORCONECTES  VIRILIS  IN  ALBERTA 


When  a  crayfish  population  is  sampled  at  regular  intervals 
throughout  the  growing  season  it  is  possible  to  plot  the  frequency 
of  occurrence  of  different  size  groups  and,  because  of  their 
stepwise  growth,  get  a  fair  picture  of  the  progress  of  each 
size  group  in  the  population.  This  was  done  for  Orconectes 
virilis  in  the  Beaver- Amisk  system  in  1964,  and  the  modes  from 
these  graphs  (next  page)  are  plotted  in  the  graph  at  the  bottom 
of  this  page.  Collection  times  ranged  from  the  13th  to  the  17th 
of  the  indicated  months.  Note  that  the  young  of  the  year 
(group  A)  begin  to  appear  in  the  collections  about  the  middle 
of  August,  and  they  make  up  group  B  in  the  spring  collections. 
Group  G  consists  of  the  group  F  animals  that  lived  through 
the  third  winter.  Note  that  this  group  disappears  from  the 
collections  in  June  (mortality),  and  reappears  in  the  August 
collection  due  to  growth  of  group  F  animals. 


Composite  graph  showing  increase  in  size  of  different  age 
groups  of  Orconectes  virilis  in  the  Beaver-Amisk  rivers. 
Groups  A-G  correspond  to  the  same  groups  on  the  graphs  on  the 
next  page,  and  show  progression  of  the  modes.  Dotted  lines 
indicate  assumed  values. 
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APPENDIX  #  2 

EXTENSION  OF  THE  KNOWN  RANGE  OF  THE  CRAYFISH  ORCONECTES  VIRILIS 
(HAGEN);  ECOLOGY  AND  DISTRIBUTION  IN  THE  PROVINCE  OF  ALBERTA 

INTRODUCTION 

In  the  summer  of  1964  a  survey  of  the  principal  water- 
sheds  of  Alberta  was  undertaken  to  determine  what,  if  any,  cray¬ 
fish  species  are  present  in  the  province.  Rivers  arising  in 
Alberta  flow  north  to  the  Arctic  Ocean,  northeast  to  Hudson 
Bay,  and  south  to  the  Gulf  of  Mexico.  The  Red  Deer-Saskatchewan 
drainage  system  crosses  the  provinces  of  Saskatchewan  and  Man¬ 
itoba  to  enter  Lake  Winnipeg,  and  the  Milk  River  runs  into 
Montana,  U.S.A.,  to  enter  the  Missouri  River  drainage.  Since 
Orconectes  virilis  is  known  to  be  present  in  Saskatchewan  and 
Manitoba,  and  was  recently  reported  from  Montana,  it  was  expected 

that  this  species  would  also  be  present  in  Alberta. 

\ 
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GENERAL  DISTRIBUTION 

Distributional  records  for  Orconectes  vlrilis  are  far 
from  complete,  with  the  greatest  confusion  involving  the  southern 
limits  of  the  range. 

In  1903 »  Harris  reported  this  species  on  a  north-south 
line  along  the  Mississippi-Missouri  drainage  from  Texas  to 
Saskatchewan,  Manitoba,  and  Ontario;  and  ranging  east-west  from 
New  York  to  Wyoming. 

Faxon  (1885a.)  listed  8  collections  of  0.  vlrilis  in 
Kansas,  and  Harris  reported  25  different  collection  sites  for 
the  state.  However,  Williams  and  Leonard  (1952)  conducted  a 
comprehensive  survey  of  the  crayfishes  of  Kansas  and  were  of  the 
opinion  that  the  crayfish  identified  previously  as  0.  vlrilis 
was  actually  0.  nais . 

Harris  also  listed  several  collections  of  0.  virllls 
in  Arkansas,  Oklahoma,  and  Missouri.  Steele  (1902)  had  previously 
reported,  this  crayfish  as  present  in  Missouri.  In  195^  Williams 
examined  the  crayfishes  In  parts  of  Arkansas,  Oklahoma,  and 
Missouri  and  once  again  considered  the  previously  reported 
0.  vlrilis  to  be  0.  nais . 

The  morphological  feature  used  to  separate  the  two 
species  is  the  number  of  rows  of  punctuations  at  the  narrowest 
point  of  the  areola;  0.  nais  having  only  one  row  while  0.  vlrilis 
has  two  or  more.  Width  of  the  areola  appears  to  be  quite  variable 
in  0.  vlrilis .  Specimens  from  Alberta  generally  have  a  wider 
areola  than  specimens  from  New  England  but  in  both  regions  a 
narrow  areola  with  a  single  row  of  punctuations  is  not  uncommon. 
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Hobbs  (peps,  corr. )  also  found  that  areolar  width  is 
not  constant  in  large  samples  of  a  single  population,  and  is  of 
the  opinion  that  there  are  no  obvious  characters  that  will 
permit  the  separation  of  the  two  species .  Until  a  comprehensive 
study  is  made  of  the  two  species  over  the  entire  range  it  will 
not  be  possible  to  say  with  certainty  that  0.  virilis  and  0.  nais 
are  not  synonymous.  For  this  reason  the  map  (Fig.  1)  showing 
continental  distribution  of  0.  virilis  includes  two  regions  - 
a  crosshatched  area  that  represents  the  uncontested  range  of 
0.  virilis ,  and  a  stippled  area  representing  the  region  where 
original  records  of  0.  virilis  have  been  changed  to  0.  nais . 

In  1959  Riegel  reported  the  presence  of  0.  virilis  in 
northern  California,  and  in  1962  Holthius  extended  the  normal 
range  northwestward  to  include  Montana.  Along  the  East  Coast 
this  species  has  been  reported  from  New  Hampshire  (Aiken,  1965)9 
Massachusetts  (Travis,  I960),  New  York  (crocker,  195?)»  and  Mary¬ 
land  (Meredith  and  Schwartz,  i960).  Maryland  and  California 
represent  isolated  populations.  Riegel  reported  that  0.  virilis 
was  introduced  artificially  at  Chico,  California,  around  1940. 
Schwartz  et  al.  (I963)  suggested  that  the  Maryland  introduction 
took  place  as  early  as  I885  as  a  result  of  escape  of  the  animals 
from  bait  fishermen,  since  this  crayfish  was  commonly  shipped 
to  the  Baltimore  food  markets.  0.  virilis  is  currently  rapidly 
expanding  its  Maryland  holdings  at  the  expense  of  several  other 
species „ 

Relatively  little  work  has  been  done  on  the  crayfishes 
of  Canada.  Through  the  efforts  of  Faxon  (1885b),  Harris  (I903), 
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and.  Huntsman  (1915) »  the  range  of  0,  virllis  was  known  to  extend 
along  the  Great  Lakes-Lake  Winnipeg-Saskatchewan  River  system 
from  Saskatchewan  to  Ontario.  Dr.  D.  W.  Crocker  and  Mr.  D.  W. 

Barr  are  currently  working  on  the  systematics  and  zoogeography 
of  Ontario  crayfishes,  and  the  range  of  0.  virllis  shown  in 
Figure  1  includes  their  findings  up  to  1965.  It  should  be  noted 
that  the  widespread  occurrence  of  0.  virllis  in  Ontario  strongly 
suggests  its  presence  in  Quebec  as  well,  but  until  more  infor¬ 
mation  is  forthcoming  from  this  area  the  precise  Canadian  dis¬ 
tribution  will  not  be  known. 

In  1944  Rawson  and  Moore  studied  the  limnology  of  60 
freshwater  and  saline  lakes  in  central  Saskatchewan,  and  reported 
that  0.  virllis  was  common  in  several  lakes  in  the  east-central 
region  of  the  province,  but  was  also  found  in  such  widely 
separated  spots  as  Cold  Lake,  (Churchill  drainage),  Beaver  (Amisk) 
Lake  near  Flin  Flon  (Saskatchewan  drainage),  and  Last  Mountain 
Lake  (Qu’Appelle  River  drainage).  In  19&5*  J*  Kilgour  of  Leduc, 
Alberta,  collected  0.  virllis  from  Little  Bear  Lake.  This  lake, 

75  air  miles  from  Beaver  Lake,  is  connected  to  it  by  a  long 
chain  of  lakes  and  rivers.  If  0.  virllis  reached  Little  Bear  Lake 
by  normal  dispersal  this  might  indicate  rather  extensive  distrib¬ 
ution  in  the  region. 


ALBERTA  DISTRIBUTION 

Orconectes  virllis  was  the  only  crayfish  found  in  the 
province,  and  distribution  was  restricted  to  the  Beaver-Amisk 
river  system  in  east-central  Alberta  (Fig.  2).  Westward  penetration 
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of  the  crayfish  terminates  at  Amisk  Lake.  There  are  few  cray¬ 
fish  in  the  river  downstream  from  Amisk  Lake  for  15  to  20  miles , 
but  from  Briereville  to  the  Saskatchewan  border  crayfish  may 
be  collected  from  any  fair  sized  rocky  shoal.  The  Amisk  River 
Joins  the  Beaver  River  at  Briereville  and  from  this  point  east 
the  system  is  known  as  the  Beaver  River.  Few  crayfish  are  found 
in  the  Beaver  tributary  upstream  from  the  junction  of  the  two 
rivers.  Throughout  most  of  the  summer  and  winter  the  Amisk  is 
a  moderately  clear  (10  ppm  Jackson  units)  river  with  long  sandy 
stretches  alternating  with  rocky  shoals.  Considerable  aquatic 
vegetation  develops  over  these  shoals  during  the  summer  months. 
Below  the  Amisk-Beaver  junction  the  Beaver  River  most  closely 
resembles  the  Amisk,  which  is  the  major  tributary. 

The  exact  means  by  which  0.  virilis  gained  entrance  to 
the  Beaver  River  system  is  obscure.  This  species  has  a  long 
history  of  dispersal  through  the  assistance  of  man.  Its  use  as 
both  a  fish-bait  and  gourmet* s  delight  has  accounted  for  the 
establishment  of  a  successful  and  aggressively  expanding  popula¬ 
tion  in  Maryland,  and  popularity  as  a  biological  study  specimen 
apparently  was  responsible  for  the  original  introduction  of 
this  species  into  California.  Geographical  isolation  of  the 
Beaver  River  makes  it  unlikely  that  popularity  as  a  food  item 
or  biological  study  specimen  would  account  for  an  introduction 
of  this  species.  Since  the  principal  gamefish  (smallmouth  and 
largemouth  bass)  for  which  the  crayfish  is  used  as  bait  is  not 
present  in  the  Beaver  River,  this  possibility  also  seems 
unlikely. 
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Natural  dispersal  through  Interconnected  water  routes  has 
accounted  for  most  of  the  extensive  distribution  of  0.  virilis . 

It  has  radiated  outward  from  its  origin  in  the  lower  Mississippi 
valley  until  it  is  now  found  over  a  good  part  of  the  continent . 

This  species  long  ago  moved  up  the  Mississippi  and  into  Lake 
Winnipeg,  and  east-west  expansion  from  there  carried  it  along 
the  Saskatchewan  River  complex  into  western  Manitoba  and  Sas¬ 
katchewan* 

The  Beaver  River  flows  eastward  into  Saskatchewan  to 
Green  Lake,  then  turns  abruptly  north  to  join  the  Churchill 
River,  which  terminates  in  Hudson  Bay*  However,  the  Saskatchewan 
and  Beaver  drainages  closely  approach  each  other  in  the  area 
between  Green  Lake  and  Prince  Albert,  Saskatchewan.  Southeast 
of  Delaronde  Lake  a  pond  draining  northward  to  the  Beaver 
River  system  lies  only  a  quarter-mile  away  from  another  at  the 
headwaters  of  the  Sturgeon  River,  which  drains  southward  into 
the  Saskatchewan  River.  This  entire  area  is  relatively  wet  and 
the  possibility  of  transfer  from  one  drainage  to  another  is 
not  without  precedent  and  is  certainly  worthy  of  further  study. 

0.  virilis  is  not  found  in  any  of  the  ponds  or  streams 
tributary  to  the  North  or  South  Saskatchewan  rivers  in  Alberta, 
which  is  in  contrast  to  the  situation  in  Saskatchewan.  Apparently 
0.  virilis  did  not  come  westward  up  the  North  or  South  Saskatchewan 
rivers  as  far  as  Alberta,  Although  the  Milk  River  enters  the 
Missouri  system  in  Montana,  and  0_^  virilis  Is  common  there,  there 
are  no  indications  that  this  crayfish  is  or  ever  has  been  in 


the  Milk  River  in  Alberta 
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Several  of  the  streams  along  the  Alberta-Saskatchewan 
border  south  of  the  Cypress  Hills  appear  to  be  suitable  for 
crayfish,  but  low  water  late  in  the  summer,  coupled  with  extensive 
freezing  during  the  winter,  probably  makes  this  unsatisfactory 
habitat.  Many  of  the  streams  along  the  foothills  from  Montana 
north  to  Willmore  Wilderness  Park  are  clear  and  rocky,  but  water 
temperatures  even  late  in  July  seldom  rise  above  12  C.  This  is 
too  cold  for  Qrconectes  virilis ,  which  apparently  requires 
temperatures  above  15  C  for  molting  and  growth. 

Thus  although  Alberta  would  appear  to  provided  a  wide 
variety  of  habitats  for  crayfish  fauna,  in  actuality  the  accept¬ 
able  habitat  is  extremely  limited.  The  large  rivers  -  the  Peace, 
Smoky,  North  and  South  Saskatchewan,  Athabasca,  Red  Deer,  and 
Milk,  all  appear  1 00  heavily  silted.  Many  others  which  are  not 
silted  and  appear  suitable  are  too  cold  to  support  a  crayfish 
population.  Rivers  in  the  province  which  were  found  to  be 
suitable  habitat  but  which  did  not  contain  crayfish  include 
the  South  Fork  of  the  Milk  River  in  southwestern  Alberta,  the 
Little  Bow  River  north  of  Lethbridge,  the  Battle  River  southeast 
of  Edmonton,  and  the  Little  Smoky  River,  near  Valleyview.  Most 
others  examined  were  either  too  heavily  silted,  were  without 
required  rocky  shoal  areas  (for  0.  virilis ) ,  were  too  shallow, 
or  had  an  insufficient  mean  annual  temperature.  Many  lakes  in 
the  province  appear  to  be  suitable  habitat  for  0.  virilis ,  but 
with  the  exception  of  Cold  Lake  and  Amisk  Lake  there  are  no 
records  of  crayfish  from  Alberta  lakes.  The  principal  require¬ 
ment  of  lake  populations  is  that  there  be  areas  in  the  lake 
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that  afford  protection  to  the  young  and  to  molting  adults, 
and  that  these  areas  be  sufficiently  deep  to  avoid  the  danger 
of  freezing  during  the  winter.  Given  these  basic  requirements 
0«  vlrills  is  surprisingly  tolerant  of  moderate  quantities 
of  silt  and  pollution  and  can  survive  in  a  wide  range  of 
conditions . 
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AREAS  SAMPLED 

The  following  is  an  alphabetical  list  of  the  streams 
and  lakes  sampled  throughout  the  province.  Numbers  given  after 
the  names  represent  the  Range  and  Township  locations,  in  that  order. 

Allison  Creek  5-8  Athabasca  River  15-60;  12-59 

Amisk  Lake  18-65;  18-64  Baptiste  Lake  24-66 

Amisk  River  12-63;  16-65; 18-65  Baptiste  River  8-42 

14-63;  15"64  Bare  Creek  2-3 
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Battle  Creek  1-8 

Battle  River  6-46;  3-45;  5-48 

Beaver  River  2-62;  8-63;  6-62 

9-63;  12=63 ;  13-64 
Beaverlodge  River  10-71 
Berland  River  3-55;  20-58 
Berry  Creek  12-26 
Blackstone  River  16-42 
Blindman  River  3“44 
Blood  Indian  Creek  9-25 
Bow  River  16-15 
Brazeau  River  18-45 
Brown  Creek  18-43 
Bullpound  Creed  14-26 

Canal  Creek  6-3 
Cardinal  River  18-45 
Carbondale  River  4-5 
Castle  River  3-5 
Clearwater  River  6-36;  6-38 
Cripple  Creek  14-37 

Elbow  River  19-51 
Embarass  River  19-51 

Freeman  River  6-62 

Ghost  Lake  24-68 
Gros  Ventre  Creek  3-H 

Heart  River  17-75;  20-81 
Highwood  River  28-19 
Hotchkiss  River  23-93 

Irrigation  Ditch  16-13 

Jackfish  Creek  5-63 

Kneehills  Creek  23-29 

Lesser  Slave  River  4-73 
Little  Beaver  Lake  I6-65 
Little  Bow  River  23-13 
Little  Burnt  River  1-82 
Little  Smoky  River  21-66 
Lodge  Creek  2-3 

Mann  Lakes  11-59 
Manyberries  Cree 
Marie  Creek  2-63 


Meeting  Creek  18-42 
Middle  Coulee  18-4 
Milk  River  6-2;  13-1;  5-1 
Moose  Lake  7-61 
Mooselake  River  7-62 
Muddywater  River  IO-56 
Muskeg  River  5-57 

Newell  Lake  15-I7 

North  Milk  River  21-2 

North  Saskatchewan  River  24-53 

Oakland  Lake  1.6-1 9 
Oldman  River  17-10 

Peace  River  21-83;  4-80 
Pembina  River  1-60 
Pine  Creek  19-67 
Pothole  Creek  21-6 
Punk  Creek  9 -64 

Ram  River  13-36 
Red  Deer  River  21-31 
Redwillow  River  10-70 
Reesor  Lake  1-8 

Saddle  River  5“77 

San  Francisco  Lake  16-19 

Sand  River  8-63 

Seibert  Lake  9-66 

Sheep  Creek  12-57 

Simonette  River  2-71 

Smoky  River  9—57 ;  2-72 

Sounding  Creek  4-35 

South  Milk  River  18-2 

South  Saskatchewan  River  5-12 

Sturgeon  River  2-55 

Swan  River  10-73 

Threehills  Creek  24-31 
Tawatinaw  River  23-63 

Vermilion  River  9-51 

Wapiti  River  8-70 
West  Arrowhead  Creek  25-20 
West  Prairie  River  17-74 
White  Earth  Creek  16-59 


Whitefish  Creek  14-63 
Whitefish  Lake  13-62 

McLeod  River  12-59;  18-52;  22-48  Willow  Creek  26-10;  28-13 
Medicine  River  3-38  Wolf  Creek  16-53 
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Figure  1.  Known  distribution  of  Orconectes  virilis  in  North 
America.  Cross-hatched  area  represents  undisputed 
range,  and  the  stippled  area  represents  the  region 
from  which  there  are  conflicting  opinions  (see  text 
for  discussion) . 
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Figure  2.  Distribution  of  Orconectes  virilis  in  Alberta. 

Open  triangles  represent  areas  where  attempts  at 
collection  in  the  Beaver  drainage  were  unsuccessful. 
Solid  triangles  indicate  successful  collection  sites. 
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APPENDIX  #  3 


GROWTH  RATES  FOR  LABORATORY  CRAYFISH 


The  following  data  are  growth  rates  per  molt  for  cray¬ 
fish  in  experiments  1  and  2. 


EXPERIMENT  1 


Cray¬ 

fish 

No. 

Molt 

nr 

1 

Molt 

II 

Molt 

III 

Molt 

IV 

Total 

Growth 

x/ 

Molt 

1 

0.5 

1.4 

0.8 

_ 

2.7 

0.90 

2 

1.4 

1.3 

1.2 

- 

3.9 

1.30 

3 

1.1 

1 . 6 

0.9 

1.0 

4.5 

1.12 

4 

1.0 

1 . 6 

— 

— 

2.6 

1.30 

5 

1.4 

0.8 

1.1 

— 

3.3 

1.10 

6 

0.4 

0.7 

0.7 

— 

1.8 

0.60 

7 

1.9 

1 . 1 

— 

— 

3.0 

1.50 

8 

1 . 6 

1.0 

— 

— 

2.6 

1,30 

9 

1.5 

1.7 

— 

— 

3.2 

1.60 

10 

1.8 

1.4 

1.4 

- 

4.6 

1.53 

MEAN 

1.26 

1.26 

1.0 

1.2 

RANGE 

0.4-1. 9 

0.7-1. 4 

0.7-1. 4 

0 . 6-1 . 6 

EXPERIMENT  2 


1 

1.2 

1.2 

2.4 

1.20 

2 

1.5 

0.7 

-= 

- 

2.2 

1.10 

3 

1.0 

1.0 

— 

2.0 

1.00 

4 

0.9 

1.0 

— 

1.9 

0.95 

5 

1.5 

1.0 

- 

«=> 

2.5 

1.25 

6 

1 . 6 

0.4 

1 . 1 

— 

3.1 

1.03 

7 

1 . 6 

0.8 

1.2 

3.6 

1.20 

8 

1.3 

0.9 

1.2 

3.4 

1.15 

9 

1.2 

0.8 

0.8 

- 

2.8 

0.95 

10 

1 . 6 

0 

— 

- 

1 . 6 

- 

11 

2.3 

0= 

— 

— 

2.3 

- 

12 

1.2 

1.2 

- 

ms» 

2.4 

1.20 

MEAN 

RANGE 

1.40 
0.9-2. 3 

0.97 
0.4-1 .2 

1.07 
0.8-1. 2 

- 

1.16 

Growth  rates  for  laboratory  crayfish  were  from  9  to  12^ 
less  than  for  crayfish  of  comparable  size  in  the  Beaver  River 
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APPENDIX  #  4 

EFFECT  OF  FREEZING  ON  OVERWINTERING  CRAYFISH 

Because  Orconectes  virills  is  found  in  the  Amisk  River 
in  shoal  areas  which,  in  severe  winters,  often  freeze  solidly 
to  the  bottom,  an  experiment  was  designed  to  determines  (X) 
whether  0.  virilis  can  survive  moderate  amounts  of  freezings  and 
(2)  whether  this  species  will  actively  burrow  into  the  mud  in 
order  to  stay  below  the  frost  line. 

Procedure 

A  large  plastic  tub  was  insulated  on  sides  and  bottom 
with  polystyrene  foam  and  filled  with  soft  mud  from  the  Amisk 
River.  Flat  rocks  and  assorted  stones  from  the  river  were  placed 
on  the  surface  of  the  mud  and  this  was  then  covered  with  water 
to  a  depth  of  15  cm.  In  November,  three  Form  I  males,  four 
Form  II  males,  two  adult  females,  and  three  immature  females 
were  collected  from  the  Amisk  River  and  placed  in  the  above 
equipment  at  a  temperature  of  9  C.  After  five  days,  when  all 
animals  had  established  individual  retreats,  the  equipment 
was  moved  into  a  freezer  at  a  temperature  of  -15  C.  The  equip¬ 
ment  was  on  a  4-wheeled  cart  and  was  moved  about  two  meters  to 
the  freezer.  Disturbance  was  minimal  as  most  crayfish,  were 
observed  at  the  entrance  to  their  retreats  after  completion 
of  the  transfer.  After  four  days  the  water  had  frozen  to  the 
surface  of  the  mud.  The  equipment  was  left  in  the  freezer  two 
additional  days,  and  then  moved  to  room  temperature  and  thawed 
slowly.  An  air-breaking  stone  was  provided  at  all  stages  of 


i  b  If  v  *  ■  *  • 

. 

,  s'xstfni'K  6?ev*e  nJt 

' 


‘ni  wo'V'iird  ^XevJMoxs  11  k  r  iloeqa  e  tri.f 


$p  r 

o*!*!  aano^te  -bsd’TroBea  fcna 

' 


jjlflT©q«0j  a  tfa  tfflemqltrpe 
tbnl  bads  *89  bari  a I&mlriB 

1  • 

. 

dT 


166 


the  experiment. 


Results  and  Conclusions 

All  crayfish  were  dead.  Two  were  out  in  the  open  and 
had  died  there  but  the  remaining  animals  were  in  normal  po¬ 
sitions  beneath  rocks.  Although  the  mud  froze  to  a  depth  of 
only  4  cm  none  of  the  crayfish  attempted  to  burrow  beneath 
the  frost  line.  This  suggests  that  Orconectes  virilis  has  not 
evolved  any  special  means  for  withstanding  extremes  of  winter 
in  Alberta.  This  crayfish  here,  as  in  other  areas  of  the 
continent,  shows  a  distinct  tendency  to  move  into  deeper  areas 
when  the  water  temperature  begins  to  decline,  and  this  undoubtedly 
assures  it  of  survival  under  most  conditions.  However,  when 
an  unusually  severe  winter  (1964-65)  follows  an  abnormally 
dry  year  (1963=64),  large  areas  of  the  river  population  are 
eliminated.  It  was  previously  mentioned  (Appendix  #  1,  page  156) 
that  few  crayfish  are  found  in  the  upstream,  end  of  the  Amisk 
River,  and  the  explanation  for  this  is  probably  the  fact  that 
there  are  few  deep  areas  that  do  not  freeze  in  a  normal  winter. 
During  the  severe  winter  of  1964=65  the  population  of  0.  virilis 
was  eliminated  from  the  entire  length  of  the  Amisk  River,  and 
after  two  years  it  had  not  returned  to  pre-1964  levels. 
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APPENDIX  #  5 

FATE  OF  THE  GASTROLITHS  DURING  THE  MOLT 

It  is  generally  held  that  the  gastro'liths  are  shed 
with  the  cuticular  lining  of  the  stomach,  broken  up,  and  then 
the  calcium  content  reabsorbed  for  use  in  hardening  the  new 
exoskeleton,  Observations  made  on  four  stage  E^  crayfish  suggest 
that  this  concept  may  be  in  error. 

In  the  first  case  a  crayfish  was  sacrificed  at  the  first 
indication  of  stage  E^  and  it  was  found  that  the  gastroliths 
were  large  and  fully  calcified.  In  the  following  three  cases, 
sacrificied  at  the  end  of  stage  E^ ,  there  was  a  gastrolith 
"shadow"  comparable  in  size  to  that  found  in  the  first  cray¬ 
fish  but  actual  calcification  was  restricted  to  a  very  small, 
thin  area  in  the  center  of  the  shadow  -  the  periphery  being  soft 
and  translucent,  I  suggest  that  the  gastroliths  are  not  "shed" 
and  then  "broken  down"  but  are  instead  resorbed  rapidly  during 


stage  E 


